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ABSTRACT

The results of five experimental investigations on the initiation,

propagation and transmission of detonation have shown that the wave behavior
depends on the relative rates of gasdynamlc expansion and chemical energy
release occurring within the cellular detonation front. The former rate is

controlled by the "boundary conditioni' defined by the physical system,

while the latter rate depends on the chemical and physical properties of the

combustible mixture. The fractional increase (in the area of the post- z-

shock 'stream tube, evaluated over a chemical kinetic distance equal to the 0

cell length, has been identified as a parameter which satisfactorily charac-

terizes the competition between these two rate processes. For C less than A
about 20%, the chemical processes survive the gasdynamic expansion and self-

sustained propagation Is possible. However, under these "supercriticaPi-I

conditions, the wave propagates with a velocity deficit which appears to be

a universal and theoretically predictable function of c.

For , greater than 2O%, the shock/reaction zone coupling breaks down,

resulting in failure of the wave. The -'criticai:'- conditions for the

propagation of detonation waves subjected to a wide range of expansion

inducing mechanisms, including viscous boundary layers, comressible boun-

dary gases and yielding walls, are all found to be consistent with the 20%

criterion. However, the criterion becomes inapplicable as the cell size

approaches the characteristic transverse dimension of the geometry. .

In the case of direct initiation or transmission of detonation from one

geometry to another, the critical conditions are shown to be linked to the

requirement for the diverging wave to exceed some minimum radius of curva-
ture. Such radius is geometry dependent and satisfies the stream tube

criterion. The role of the "initial conditions" in this type of problem is

to guarantee survival of the wave until it achieves the minimum radius for
.p.i

which shock/reaction zone coupling, and hence self-sustenance, are

possible.
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%1
RESUME

Cette thise prisente cinq btudes exp~rimentales portant sur l'initi-

ation, la propagation et la transmission des ondes de detonation. 11 est

d~motr~queces roi phnomnes dipendent, d'une part, du taux d'expansion
et, d'autre part, de la vitesse de r~action *a lintirieur du front cellu-
laire de la detonation. Ce premier est contrbllf par les conditions

* fronti~res du systime physique tandes que le dernier dipend des propr1~tfs
* -physiques et chimiques du milange combustible. L'effet compititif de ces

deux processus est tris bien caract~risi par un paralnitre c~, soit la frac-
tion d'expansion du "tube d'6coulement" sur une longueur d'une cellule. Les
itudes effectuies deinontrent que la propagation d'une onde de ditonation
stable nWest possible que si & est momns qu'environ 20%. Il existe, de

£ plus, une relation thfiorique et universelle reliant le d~ficit de ciliritfi
de propagation et le paramitre ~

En raison du ci~couplage iventuel entre le choc et la zone de riaction,
la propagation d'une onde de d~tonation stable devient impossible si E est
plus de 2U%. Ce critire est valable pour une vaste gamue de mficanismes
d'expansion due solt *a une couche limite, une enveloppe de gaz compressible
ou une parole souple. Le critire W'est cependant pas valable lorsque la
dimension transversale de la cellule approche celle du systbme physique.

Les conditions limites pour l'initiation d'une ditonation at la trans-

mission die celle-ci d'une g&omfitrie 1 1'autre sont lifies, au rdyon de
courbare de l'onde divergeante. De plus, le rayon de courbure minimum est
en bon accord avec 1le cr1 tire du "tube d' koul ement".
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Le role de "conditions initiales" dans se genre de probbline est de

garantire que la d~tonation survive jusqu'a ce quelle arrive au rayon

minimum pour que 1'accouplement du zone de choc/riaction, et en soi, la

propagation stable est possible.

Jo.
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NOMENCLATURE

Synmbol Description

a exponent in induction-time or other chemical kinetic time
formul a.

A area of shock or detonation front, cross-sectional area of
stream tube, or surface area of yielding wall material.

(A) denotes dark annular bdnd corresponding to region of quenched
detonation wave.

b exponent in induction-time or other chemical kinetic time
formul a.

c, C sonic velocity in a gas.

(C) denotes circular core of a detonation wave, or cylindrical
detonation wave.

do  diameter of a thin-walled hollow cylinder.

D tube diameter.

(D) denotes diffracted shock wave or detonation wave.

Dc critical diameter for transmission of detonation from acircular tube to an unconfined region.

e internal energy of a gas.

E initiation energy, or effective activation energy.

(E) denotes explosion or reinnition nuclei.

Ec critical energy for direct initiation of detonation.

Es(t) energy of initiation source.
,2

f dimensionless pressure P/poRs.

(F) denotes trailing reaction zone or flame.

h axial distance from tube exit at which reignition occurs.

* (H' denotes head of rarefaction wave.

I dimensionless energy integral.
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Symbol Description

specifies geometry; equal to 0, 1 or 2 for planar,
cylindrical or spherical geometry, respectively.

k pre-exponential factor in induction-time or other chemical
kinetic time formula, or constant of proportionality between

. predicted and experimentdlly observed quantities.

k numerical constant; equal to 1, 27r or 47r for planar,
cylindrical or spherical geometry, respectively.

K curvature of the shock front A-IdA/dR; equal to I/R and 2/R
for cylindrical and spherical fronts, respectively.

1, L length of a rigid tube or a plastic bdg.

(L) denotes luminous patches indicative of a renewed detonation
front.

Lc detonation cell length.

m mass of a yielding wall or a piston.

m/A area density of yielding wall material.

M, Ms  Mach number of a shock wave or a detonation wave.

rM *critical shock Mach number for direct initiation of
• -detonation.

(M )  denotes cylindrical Mach stem caused by reflection of a
detonation wave from a wall.

(M2 ) denotes detonative Mach stem responsible for "petal"-like

structures on the back wall smoke records.

AM change in Mach number of a shock wave or a detonation wave.

AM/McJ Mach number deficit resulting from an increase in the stream
tube area.

p, P pressure of a gas.

(P) denotes planar detonation wave.

P2  Riemann invariant; equal to 2c2/(y2 - 1)

q exponent in the power law density profile expression.

Q heat release per unit mass liberated through combustion.
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Symbol Description

Q, Rieoann invariant; equal to 2c1/(y1 - 1)

r, r(t) radial position of a particle or a yielding wall.

rs(t) radial position of the diffracted wall shock.

R gas constant.

(R) denotes reignition centres.

Ro  tube radius.

Rs, Rs(t) shock radius, or radius of the annular ring observed on the
.- back wall smoke record.

Rs  critical shock radius for direct initiation of detonation.

velocity of a shock wave or a detonation wave.ti s

(R1), (R2)  denote reflected shock wave or detonation wave.

(S) denotes spherical detonation wave.

t time, or thickness of the yielding wall material.

at elapsed time between two events, or the period of
oscillations from pressure-time signatures.

T temperature of a gas.

(T) denotes transversely propagating detonation wave.

ur, ur(t) radial velocity of a particle or a yielding wall.

us  post-shock relative particle velocity.

u, U absolute particle velocity.

V velocity of a shock wave, a reaction front or a detonation
wave.

SV/Vc-J velocity deficit resulting from an increase in the stream
tube area.
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Symbol Description

w separation between the front ind back plates in planar-to-
cylindrical transmission experiments.

W mass of the initiator charge in experiments to determine the
critical energy for direct initiation of detonation, or
channel width.

Wc  critical width for transmission of detonation from a channel
to an unconfined region.

X relative distance behind a shock wave, or distance from the
rigid tube exit.

t .,

nitrogen-to-oxygen dilution ratio.

y ratio of specific heats for a gas.

6* boundary layer displacement thickness.

A induction-zone or other chemical kinetic length.

dimensionless position r/RS(t).

detonation cell width or transverse wave spacing.

Xc cell width required for critical transmission of detonation
from a circular tube to a cylindrical volume.

Xs cell width required for critical transmission of detonation
from a circular tube to an unconfined region.

11 e dynamic viscosity of a gas at the edge of a boundary layer.

tenn in Dabora's velocity deficit expression; equal to

-I(1 + Y + E).

relative increase in the cross-sectional area of a stream
tube of particles entering the shock front.

stream tube area increase due to the motion of yielding
walls.

stream tube area decrease due to the taper of a yielding
tube.

7r numerical constant; approximately equal to 3.1415926.

P density of a gas. -
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Symbol Descri ption

T induction or other chemical kinetic time.

T 0O  induction or other chemical kinetic time based on initial
post-shock conditions.

AT increase in induction or other chemical kinetic time.

angle of cone traced out by a rarefaction wave penetrating a
detonation wave, or equivalence ratio for a gas mixture, or

dimensionless velocity U/R•.

dimensionless density p/po.

Subscripts

a value inmmediately ahead of the piston.

b value immediately behind the piston.

c critical condition, or value associated with cylindrical
geometry.

C-d Chapman-Jouguet condition.

e condition at the edge of a boundary layer.

s shocked condition, or value associated with the shock front,

or value associated with spherical geometry.

w condition at the wall.

o initial condition.

1initial condition in low-pressure reservoir ahead of the

piston, or condition ahead of the detonation wave.

2 initial condition in high-pressure reservoir behind the
piston.

Superscript

*.denotes value for critical initiation.

Other

[] denotes concentration of a gas specie.

denotes infinite value.
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1.0 INTRODUCTION

1.1 Motivation

, Throughout the evolution of man, his standard of living has been

closely tied to the discovery and subsequent exploitation of new forms of

energy and new types of material. This has been particularly true over the

past century, during which the growth of the chemical and petrochemical

industries has proceeded at an astounding pace. However, the uenefits

derived from these advances have not been without cost. In recent years,

vapour cloud explosions have become the cause of the largest losses in these

industries. This has been the result of a trend toward higher plant capa-

cities, higher pressure and temperature processes and prolonged inventory

holdup. In a survey of accidental explosions prior to 1976 (Davenport,

1977), over 30% of all incidents were attributed to vessel failures, while

more than 60% of accidents resulted from piping, valve or fitting failures.

Following the escape of a combustible vapour, it diffuses and mixes with the

surrounding air. If a suitable ignition source is present, the ensuing
rapid rate of energy release, either in the form of a deflagration wave or a

detonation wave, can be catastrophic. The incident in Flixborough, England

in 1974, which claimed the lives of 28 chemical plant workers, is a vivid

example. In the more recent incident (1979) at the Three Mile Island

. Nuclear Plant in Harrisburg, Pennsylvania, a potentially devastating

explosion of the hydrogen-air bubble inside a reactor pressure vessel did

not occur. Here in Canada, the ethylene plant explosion in Edmonton in 1982

is a recent reminder.

Although it is thought highly improbable that detonation has been the
mechanism involved in any accidental vapour cloud explosion to date (the

incident at Port Hudson, U.S.A. in 1970 may be an exception), the damage

potential of detonation is so great that some organizations concerned with

risk analysis still consider it a possibility, albeit remote. The recent

onservations (Pfbrtner, 1983; Moen et al., 1984) of transition to detonation

in large-scale experiments have generated renewed concern about the

possioility of detonation in an accidental scenario. 7
UNCLASSIFIED

L-------------------------. ...... .-.....-...-.-........-..-.........



-" V-

UNCLASSIFIED Z.

Apart from accidental explosions, detonable clouds have been used to

advantage by military engineers in applications such as minefield breaching,

defoliation, demolition and penetration of fortified structures. The

rotating detonation wave rocket engine is another example of the controlled

use of detonation (Nicholls et al., 1962a, 1962b, 1963). In all situations,

whether they be accidental or applications oriented, the detonability of the

combustible mixture is of key importance. Detonability is usually

quantified by parameters such as the critical energy required for direct

initiation of detonation, or the range of mixture composition over which

detonation is possible. Most often, these quantities are measured either in

unconfined clouds or in rigid tubes. However, in any practical situation,
they aepend strongly on both the initial and boundary conditions. The

present study is motivated by the need to know to what extent the initial

and boundary conditions influence the detonability of a combustible

imi xture.

1.2 Historical Background

1.2.1 The Discovery and Chapman-Jouguet Theory

It has been more than one hundred years since studies on combustion

were first carried out by Mallard and Le Chatelier (1881, 1883) at the

School of Mines in Paris where the first streak photographs of transition to

detonation were obtained using a rotating drum camera. At the same time,

Berthelot (1881) with Vieille (1882) at the School of Pharmacy measured

detonation velocities in long tubes on the premise that detonation was a

wave phenomenon characterized by a specific velocity of propagation. In

fact, they formulated a theory to rationalize their avasurements based on

the hypothesis that the entire heat of combustion was converted into kinetic

energy of the gas. It was not until several years later that the thermo-

dynamic character of a planar steady detonation wave was revealed in the

classical works of Chapman (1899), Jouguet (19U5, 1906, 1917, 1927) and

Crussard (1907a, 1907). These authors pointed out the significance of a

reactive wave front in relation to the shock front studied earlier by

Hugoniot (1887-1889). They were also the first to postulate that a

UNCLASSIFIED
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detonation wave consisted of a shock wave followed by a deflagration. The

Chapman and Jouguet (C-J) theory was able to successfully predict the

detonation velocity and detonation gas states for the steady one-dimensiondl

wave using equilibrium thermodynamics. A cornerstone premise in the theory,

which has become known as the C-J condition, is that the detonation proaucts

travel at sonic velocity relative to the shock front. The calculation of

C-J properties has been thoroughly refined (Eisen et al., 1960; Glassman,

1977). Computer software packages incorporating extensive libraries of

thermodynamic data are readily available for this purpose (e.g., Gordon and

McBride, 197o). The C-J theory is based on the assumptions of steady

velocity and equilibrium thermodynamics. It provides no information about

the behavior of the wave under transient conditions. In such cases, the

rate of reaction or the structure of the wave must be taken into account.

1.2.2 The Structure of a Detonation Wave

Early Notions

£Owing to the success of the C-J theory, several decades were devoted to

improving the thermodynamic and hydrodynamic interpretation of the theory.

Jouguet (1917) and Crussard (1907a), in particular, advanced the unaer-

standing by formulating the fundamental properties of the steady one-

dimensional wave. Lewis and Friaf (1930) were noteworthy in addressing the

chemical aspects of detonation using chain reaction theory with dissociation

effects, while Becker (1936) was concerned with the dynamics of shock waves

and was credited for having contributed a detailed description of shock wave

formation in nonsteady flows. The understanding of planar detonation was

further enhanced during the Second World War by the analyses of Zeldovich

(1940-1944), von Neumann (1942), and Ddring and Burckhardt (1944). These

authors described the detonation as a shock wave followed by a steady-flow,

inviscid reaction zone which is terminated by a plane at sonic conditions.

This model of the wave, which has become known as the ZNI model, triggered a

number of studies. On the one hand, many investigations were concerned with

the influence of transport properties and attempted to discredit the

inviscid assumption (Hirschfelder et al., 1958a, 1958b, 1959; Oppenheim and
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Rosciszewski, 1963). On the other hand, several studies addressing the -
interaction between the steady reaction zone and a nonsteady rarefaction to

the rear of it questioned the validity of the Chapman-Jouguet hypothesis

(Brinkley and Kirkwood, 1949; Kirkwood and Wood, 1954). By the end of the

Ffifties, the understanding of the planar steady wave had peaked. Excellent

reviews of the work carried out during this era are provided by Gross and

Oppenheim (1959), Oppenheim (1961), Strehlow (1968, 1969), Edwards (1969),

Lee et al. (1969), Oppenheim (1970) Oppenheim and Soloukhin (1973) and

Fickett and Davis (1979).

One of the anomolies in the generally accepted view was the observation

of the transverse wave phenomenon in detonation. It was originally thought

to be a transient mechanism seen only near the detoiiability limits, as first

reported by Campbell and Woodhead in 1927. These authors observed single-

head spinning detonations in round tubes containing carbon monoxide-oxygen

mixtures. Subsequently, Campbell and Finch (1928) established from phasing

photographs and deposits on the tube wall that this structure describes a

helical trajectory as the wave propagates axially. Shortly afterward, Bone

with Frazer (1930) and with Townsend (1927a, 1927b) carried out a systematic

study on the properties of detonation. The former pair of investigators

noted that multiple heads could appear in large diameter tubes. A theory

dealing with the origin of spin was later advanced by Bone, Fraser and

Wheeler (1935) based on Schlieren records obtained using a rotatiny mirror

camera. However, it was Manson (1946) and later Fay (1952) who were the

first to propose independent mechanical acoustic theories for the prediction

of the spinning frequency of the transverse vibrations in and behind the

reaction zone. The frequency of the single-head spinning detonation was

found to correspond approximately to the fundamental acoustic mode of the

tube. The mIultiple heads observed by Bone and Frazer simply corresponded to '

other higher acoustic modes. An excellent description of the fine wechani-

cal details of low-mode spinning detonations is given by Voitsekhovskii et

al. (19b3) and by Schott (196b).

UNCLASSIFIED
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An Important Discovery Long Overdue

It was not until the end of the fifties that a revolution of sorts

began which made it apparent that the "anomoly" of spinning detonation was,

in fact, a limiting case of the more universal cellular structure of detona-

tion. This revolution, which was led in the Soviet Union by Denisov and

Troshin (1959) and in the United States by White (1961), virtually shattered

the concept of the steady one-dimensional wave. White obtained photographic

records by means of spark-lit interferometry which demonstrated that the

structure was highly three-dimensional, nonsteady and "turbulent" in nature,

showing signs of transverse wave phenomena. Denisov and Troshin arrived at

the same conclusion using the smoke-record technique discovered nearly a

century earlier by Mach and Sommer (1877). After eighty years of detonation

research, the true universal cellular character of the wave was finally

revealed.

The smoke records shown in Figure 1 illustrate the cellular mechanism.

Such records can be obtained by applying a thin layer of carbon soot, either

from a richly burning kerosene lamp or a piece of smoldering wood, to a

sheet of mylar, steel or glass. The record on the top (Figure La) was

"written" by a wave propagating parallel to the sheet, while that on the

bottom (Figure ib) is due to normal reflection of a wave from the end wall

of a tube. Figure 2 shows a sequence of laser Schlieren photographs of a

detonation propagating in a rectangular tube. One of the windows of the

test section was coated with soot prior to the experiment in order to

illustrate the nature of the writing process. The boundary of each cell is

a history of the trajectories of triple points associated with the d tona-

tion front.

The details of the triple-shock configuration are apparent from the

interferogram in Figure 3. An explanatory diagrai, appears at the top left

of the figure. With the triple point denoted by A, line segments AI and AM

represent the incident shock and Mach stem, respectively, while AB is the

reflected shock. A second triple point, labelled B, is the centre of yet

another three-shock configuration. Collectively, the pair of triple points

UNCLASSIFIED
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and associated shock waves is referred to as a double Mach reflection. In
the case of marginal detonations, the second triple point may be absent.

The reflected shock complex ABCDE is generdlly called a "transverse wave"

due to its direction of propagation being more or less normal to that of the

overall front. It propagates with a velocity very near the sonic velocity

in the burned gases. The zone of heat release, denoted by hatched lines in

the schematic diagram, trails the strong Mach stein quite closely but lags

behind the weaker incident shock due to the lower post-shock temperature and

thus longer induction period. The fact that the reflected shock comlplex ABC

propagates through unburned yas which has already been compressed by the

.- incident shock is responsible for the zone of heat release following the

transverse shock quite closely. The dotted lines represent slip planes or

shear aiscontinuities associated with the three-shock configuration. It is

Willthought that the high shear across these discontinuities is responsible for

eroding the soot from the smoked plates (Crooker, 1969), although the exact

.; niechanism of "soot writing" is not well understood.

Figure 4 emphasizes the cyclic nature of the phenomenon. Starting at

the apex of a cell, denoted by A, the shock wavelet is highly overdriven,

propagating at about 1.6 times the one-dimensional equilibriun velocity

V Throughout the first half of the cell (i.e., from A to uC), the

wavelet serves as a Mach stem to a pair of incident shocks in the neighbour-

ing cells. However, it becomes the incident shock throughout the second

half of the cell (i.e., from BC to D) for the more recently generated Vlach

stems in the adjacent cells. Toward the end of the cell, the wavelet

velocity decays to about seventy percent of the C-J value just before

17. approaching transverse waves collide. It is thought that this collision,

perhaps in combination with an explosive recoupling of the reaction zone and

shock wavelet near the end of the cell, gives rise to a rejuvinated over-

driven Mach stem which begins another cycle. Hence, propagation of deton-

ation is characterized by a cyclic, self-sustained cellular structure, with

the heat release from chemical reaction furnish4 ng tie driving energy.

Dimensions of the cell to which reference will De i-iade throughout this

thesis include the cell length L and the cell wiath x, denoted by AU and BC

in the figure, respectively. Note that X is the maximu.i spacing achieved by
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pairs of transverse shocks and is therefore often referred to as the

g (maximum) "transverse wave spacing".

The Effort to Understand the Intricacies of the Cellular Front

A great deal of work has been done to elucidate the details of tihe cell

dynamics. For example, the flow field associated with the triple-point

configuration has been analyzed in shock matching calculations (Oppenheii et

al., 1970). Other computations to determine the flow conditions before and

after a transverse wave collision have been carried out assuming a knowledge

- of the entrance and exit angles at the end and beginning of adjacent cells

(Strehlow and Biller, 1969; Oppenheim et al., 1970; Strehlow et al., 1972).

The variation of wavelet velocity throughout the cell has also been a sub-

ject of intense investigation (Steel and Oppenheim, 1966; Lundstrom and

Oppenheim, 1969; Takai et al., 1974; Libouton et al., 1981), while efforts

to model the observed results using conventional blast-wave theory have been

ongoing (Lundstrom and Oppenheim, 1969; Edwards et al., 1970; Urtiew,

1976). Experimentally, Thomas and Edwards (1983) have attempted to simulate

the cell kinematics uy using cylindrical reactive olast waves in a diverging

two-dimensional sector.

In addition to the cell dynamics, the measurement and correlation of

cell sizes has commanded the attention of several investigators. Strehlow

and Engel (1969) were the first to report numerous cell size data for

low-pressure mixtures of H2 , C2H2 , C H4 and CH4 with oxygen, and to

correlate the cell dimensions with the calculated one-dimensional induction

and recombination times. A similar study was carried out by Libouton and

Van Tiggelen (1976) on the CO-H -02 -Ar system using the chain-branching

inhibitor CF3 8r and variable initial pressure to alter the mixture induction

time. More recently, Lee et al. (1981), Westbrook (1982) and Westbrook with

Urtiew (1982) attempted similar correlations between the cell size ana the

induction time. However, rather thdn employing an overall reaction rate as

had been done by Strehlow and Engel, Westbrook utilizes a complex rultistep

0reaction scheme to calculate induction times. Edwards et al. (1979, 19b)

and Knystautas et dl. (1982) have recently measured cell sizes for a variety
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of fuel-oxygen mixtures at subatmospheric initial pressures. Bull et al.

(1982), Guirao et al. (1982), Knystautas et al. (1983) and Moen et al.

(1983) have reported cell sizes for the less sensitive fuel-air mixtures at

atmospheric initial pressure. The regularity of the cellular structure has
been studied by Strehlow (1968, 1969), who classified it in one of four

categories ranging from excellent to irregular, and by Libouton and van

Tiggelen (1976). Takai et al. (1974) have suggested that chem~ical species

which interfere with the chain reaction processes may be responsiole for

irregular structure. Along theoretical lines, attempts have also been made

to predict the transverse wave spacing (Strehlow, 1970; Barthel, 1972, 1974;

Erpenbeck, 1969; Vasiliev and Nikolaev, 1978; Ul'yanitskii, 198U), while the

nature of transverse waves has been studied in detailed numerical simula-

tions (e.g., Taki and Fujiwara, 1981; Oran et al., 1981).

The birth ana reproduction of cells is a subject which has been studied

to a lesser extent. Strehlow with Cohen (1962) and with Liaugminas, Watson

and Eymen (1967) have investigated the evolution of structure following

reflection of a shock wave from the closed end of a tube containing

combustible mixture. Lee, Soloukhin and Oppenheim (1969) have shown that

new transverse waves are generated at a rate required to maintain a constant

spacing in successfully propagating cylindrical aetonations, whereas no new

waves are produced in the case of failing detonations. Gordeev (1976) has

studied the influence of strong perturbations on cell reproduction and has

proposed that disturbances such as sudden transitions from one gas to

another, or rarefaction waves originating at openings in the tube wall, can

act to upset the three-shock balance, causing it to split into two or more

new three-shock complexes.

The "Hydrodynamnic Thickness" of the Detonation Front

From the foregoing brief review, it is apparent tnat a real detonation

has a three-dimensional and nonsteady structure very unlike that proposed by

Zeldovich, von Neumann and Dbring. This structure is characterized by a

cell length over which successive chemical-gasdynamic cycles occur. There-

fore, it would seem reasonable that the controlling length might be on the
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.-



UNCLASSIFIED 9.

order of the cell length. However, it has been noted recently that the

sonic plane, which prevents the rarefaction to the rear of the wave from

overtaking it, trails the shock front Dy much ,,ore than a cell length,

giving rise to speculation that another phenomenon imay control the effective

thickness of the wave. Edwards and associates (197b) have suggested that

the gasdynamic flow structure aft of the frontal shock requires a finite

time to equilibrate. These authors have found, by examining pressure-time

signatures from oxyacetylene and oxyhydrogen detonations, that the trans-

verse shocks dissipate their oscillation energy some 2 to 4 cell lengths

behind the leading shock. They concluded that this might be one mechanism

accounting for the downstream displacement of the sonic surface and, conse-

quently, a "hydrodynamic thickness" larger than the cell length. Related

experiments have been performed by Vasiliev et al. (1972), who photographed

detonations in cellophane tubes and estimated the sonic surface to be

located a minimum of 3.6 cell lengths behind the shock front. They subse-

quently confirmed this result in a more direct manner by photographing the

bow shock caused by the passage of a detonation wave over a thin plate

mounted perpendicularly to the oncoming flow. In the case of steady flow,

such a bow shock is detached if the oncocing flow is supersonic. It was

postulated that the sonic plane could therefore be identified by determining

the location at which the bow shock detached itself from the plate. Over a
range of initial pressures for a variety of gases, it was found that the

sonic plane could be located as far back as 3 cell lengths when the tube
dialmeter was large in comparison with the cell size (i.e., when wall effects

did not play a role). The relative importance of the cell length and the
hydrodynamic thickness in the behavior of detonation has yet to be

resolved.

1.2.3 The Fonation of Detonation

Two Modes of Initiation

There exist two basic means of establishing or "initiating" a
aetonation wave. The first of these is a slow mode where detonation evolves

from an accelerating flame. Interactions between pressure waves and the
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flame, as well as turbulence, are the principle acceleration mechanisms

which lead to the onset of detonation. This mode is usually referred to as

transition fro, deflagration to detonation or "self initiation" since the

ignition source does not play a role in the transition process. Mallard and

Le Chatelier (1883) were the first to obtain streak photographs of transi-

tion to detonation, while extensive studies involving the measurement of the

predetonation distance were carried out by Le Chatelier (190U), Dixon et al.

(1903) and Lafitte (1923, 1924). Shchelkin (1940) was the first to demon-

strate that this distance could be substantially reduced through the

generation of turbulence. In fact, the predetonation distance depends on a

vast array of parameters, including the tube dimensions, the geometry and

wall roughness, the nature, strength and location of the igniter, the

boundary conditions at the ends of the tube, the flame speeo, the heat of

combustion and the sound speed of the mixture. More recently, the transi-

tion of a hot turbulent gas jet to spherical detonation has been studied by

Knystautas et al. (19783). The present thesis will not be concerned with

these aspects of detonation. The interested reader is directed to the

reviews by Lee (1977) and Lee with Moen (1980).

The other mode of initiation is a fast mode where the detonation forms

nearly instantaneously in the vicinity of either a powerful igniter or a

violent chemical reaction. The source must be capable of generating a

strong shock which is sustained for a long enough period so that chemical

energy release can become coupled with the shock. Since the blast wave is

responsible for bringing the mixture to a state which promotes the onset of

detonation, this mode is often referred to as "olast" or "direct" initia-

tion. The spark Schlieren photographs shown in Figure 5 [from Bach et al.

(1969)] illustrate the phenomenon. Three regimes of propagation are

generally observed. Below a certain threshold value of igniter energy, it

is found that the blast wave produced by the igniter progressively separates

from the reaction zone. This regime is teruied the "subcritical" energy

regime (Figure 5a). The blast wave eventually decays to an acoustic wave,

while the subsequent propagation of the reaction front is identical to that

of a flame. In the "supercritical" energy regime (Figure 5b), the igniter

energy exceeds some threshold value. The blast and reaction zone are

UtiCLASSIF IED
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coupled in the form of an overdriven multiheaded detonation which expands

outward from the source and asymptotically decays to the C-J state. The

"critical" energy regime (Figure 5c) is characterized by a blast wave and

reaction zone which are initially coupled but which separate with increasing

distance from the igniter. The decoupling process terminates as the

chemical energy released through combustion begins to play a significant

role in the blast ,motion. At this point, the shock wave and reaction zone

propagate as a coupled complex at d constant velocity near 0.6V during ac-J
so-called "quasi steady period". This period ends dbruptly with the forma-

tion of localized explosion "bubbles" which lead to a rapid increase in the

front velocity toward the C-J value.

The dip in velocity to a value well below VCJ has been observed by

f. several experioenters (e.g., Brossard et al., 1972; Atkinson et al., 198U).

The quasi steady perioa has been studied by Edwards et al. (1978). 7.

Ul'yanitskii (19u) has used the term "flashing" to describe the explosive

reignition and catch-up phenomenon. In a study by Edwards et al. (1981c)

involving the initiation of detonation by planar shock waves, it was demon-

strated that the onset of detonation may be related to the time coherent

release of energy by particles entering the shock at different times,

causing the wave to accelerate. The role of colliding transverse waves in

the reinitidtion process has been queried by Bull et al. (1979b) in their

I study of sympathetic intitiation. In those tests, a shock from a "donor"

aetonation was trans itted across an air gap to an "acceptor" volume of

detonable mixture. Elsworth et al. (1983) have proposed that a narrow

range of fuel concentration exists (for a given spherical initiation energy)

over which reestablishment of the front is characterized by a cyclic

"galloping" phenomenon rather than by a monotonic acceleration of the front

toward the C-J velocity. A similar observation, noted earlier by Bull et

al. (1978), was explained in terms of the reaction zone repeatedly attelipt-

ing to couple with the shock front. The recent experiments in tubes by

Donato (1982) show that galloping can be sustained over very long distances.

UNCLASSIFIED
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Early Studies - Initiation of Detonation in Fuel-Oxygen Mixtures

Many of the early studies on direct initiation focused on the measure-

ment of the critical energy for various fuel-oxygen mixtures (Lafitte, 193;

Manson and Ferri6, 1953; Leldovich et al., 1956; Carlson, 1973). Litchfield

et al. (1962), for example, reported minimum energies for mixtures of

hydrogen, ethylene or propane with oxygen at various initial pressures,

employing both spark and exploding wire ignition. Apart from finding that d

well defined stored capacitor energy existed for initiation of detonation in

a given fuel-oxygen mixture, it was observed that less stored energy was

-required in the case of exploding wire ignition, suggesting that the igniter

characteristics play an important role in the process. One such charac-

teristic, the igniter geometry, has been investigated in some detail by
- Matsui and Lee (1976) in their study of initiation in low-pressure oxy-

acetylene mixtures. It was found that the critical energy for spark

ignition depends on both the electrode spacing and tne physical configura-

tion of the igniter. For large electrode spacings, it was observed that the

energy per unit length of spark gap approached a constant value indicating

that, although the detonation eventually becomes spherical, it is first

formed as a cylindrical wave. There also existed a range of electrode 4

spacings over which the critical energy per unit length of spark gap

increased linearly with decreasing spark length, thus giving a constant

total spark energy. It was concluded that this regime corresponds to

spherical initiation of detonation since, in spherical geometry, the

critical energy should be independent of the spark length. Ramamurtni

(197b) has proposed that the geometry of initiation can be establisheo by
A" comparing the spherical explosion length associated with the source

energy (i.e., a length scale which characterizes the blast decay) to the

characteristic dimension of the igniter. For an explosion length much

larger than the characteristic length of the igniter, initiation is

spherical since the onset of detonation occurs far from the igniter (i.e.,

the igniter is effectively a point source). However, for an explosion

length smaller than the characteristic igniter dimension, the igniter con-

figuration will dictate whether initiation corresponds to planar or

cyl indrical geometry.
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The critical initiation energy has also been found to depend on the

energy-time characteristics of the source for a specified igniter geoiietry.

Bach et al. (1971) have carried out an investigation on direct initiation of

low-pressure oxyacetylene mixtures and found that the critical initiation

energy for a given mixture can vary by as much as three orders of magnitude,

depending on the time history of the energy deposition. Lee et al. (1974)

and Knystautas with Lee (1976) have conducted studies to clarify the

dependence of the critical initiation energy on the energy-time charac-

teristics of the source. These studies, which employed spark ignition,

varied the R-L-C parameters of the discharge circuit to alter the energy-

time profile. The spark energy was deduced from the simultaneous

measurement of the discharge current and the voltage drop across the spark.

The results indicated that only the energy released before the igniter

dachieves maximum power is important in the initiation process. The dis-

charge frequency was also varied in order to determine the dependence of the

useful spark energy (i.e., the energy released up to the peak power condi-

tion) on the time taken to reach peak power. These experiments showed that

the critical energy decreases with the duration of energy release until a

certain duration is reached, below which more rapid deposition of the energy

does not alter the minimum required. Therefore, a limiting value of criti-

cal energy is obtained as the source power tends to infinity. Abouseif and

Toong (198 ), as well as Kailasanath and Oran (1983), have investigated tie

correlation between the igniter's energy and power using a simple theoret-

ical model based on a constant-velocity piston. iJl'yanitskii (1979) has

% . developed a closed model for direct initiation and has studied the depen-

dence of the critical energy on the space-time characteristics of the

source.

More Recent Work - Initiation of Uetonation in Fuel-dr Mixtures

For practical reasons, the critical energy for direct initiation of

detonation in fuel-air mixtures, rather than fuel-oxygen mixtures, has

commanded much attention over the last couple of decades since fuel-air

mixtures arise in accidental situations. Owing to the lower detonation

sensitivity of fuel-air mixtures, spark or exploding wire ignition cannot
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generally be used to determine the critical energy for initiation. Manson

and Ferri& (1953), for example, were successful in initiating acetylene-

oxygen detonation using a spark, but could not initiate any acetylene-air

detonation with the same system. In general, more powerful igniters are

required to initiate detonations in fuel-air mixtures. In experiments to

measure the critical initiation energy, high explosives are often used fur

this purpose. Such tests are usually conducted in the field because of the

large volumes of explosive mixture involved (a few liters up to tens of

cubic meters) and the significant amounts of solid explosive employed (a few

grams up to tens of kilograms). Large volumes of mixture are required in

order to ensure that the detonation wave is self-supported far from the

source. Data on the hydrogen-air system has been obtained by Cassut (1961)

and by Atkinson et al. (1980), and on the acetylene-air system by Freiwald

and Koch (1963) and by Kogarko et al. (1965). Initiation energies for

ethylene-air mixtures have also been reported by several investigators

(Hikita et al., 1975; Pfd.rtner, 1977; Bull et al., 1978). Some very large

experiments involving methane-air mixtures contained in rectilinear plastic

bags of 2.4 m square cross section were carried out by Benedick (1979).

Critical energies for liquid fuel spray-air mixtures have been determined at

Eglin Air Force Base (Vanta et al•, 1973; Parsons et al., 1973). An

excellent review of available high-explosive initiation energy data has been

compiled by Bull (1979).

The question of igniter geometry appears to be equally valid for high-

explosive initiation as evidenced by the results of Benedick (1979). This

author was apparently successful in initiating a stoichiomietric methane-air

detonation with only 4 kg of explosive, whereas estimates of the criticdl

energy for spherical initiation are much larger [e.g., Bull et al. (1976)

predict 22 kg]. It is possible that the sheets of explosive mounted on a

plywood backing produced a blast wave which corresponded more to planar

rather than to spherical initiation. The container walls (thin plastic

material) may also have influenced the initiation process.
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Theoretical Efforts to Predict the Initiation Energy

Along theoretical lines, a criterion linking the critical energy to the

chemical properties of the mixture was proposed as early as 1956 by

Zeldovich et al. Their hypothesis was based on the fdct that the blast wave

generated by the source decays rapidly. Thus, in order for the chemical

energy released in the wake of the blast to sustain the shock, a sufficient

time must be available for the fluid particles to release their chemical

energy after being processed by the shock. Choosing the induction period as

the representative chemical kinetic time, Zeldovich postulated that, for

successful initiation, the time required for the blast wave to decay to the

C-J Mach number must be equal to the mixture induction time. Based on this

criterion, it was demonstrated that the critical energy was proportional to

the cube of the induction time for spherical initiation. Lee et al. (19bb)

attempted to use the Zeldovich criterion for the quantitative prediction of

critical energies by using the strong blast theory of Taylor (1950) to

determine the blast-wave trajectory. However, when the induction times

based on properties behind a C-J shock were substitutea into the criterion,

the calculated energies were seen to be smaller than the experimentally

measured ones by about three orders of magnitude. Agreement improved to
within one order of magnitude when the experimentally determined wave thick-

nesses (deduced from radiation measurements) were used in place of the

calculated induction-zone lengths. Both Edwards et al. (197ba) and Sichel

(1977) have also proposed relations for obtaining the critical energies. In

the expression given by the former authors, experimental values for the wave

thickness are again required. In the proposal of Sichel, an experimental

value for the critical energy is required at a reference mixture composition

before the critical energies can be evaluated at other compositions.

The theories described above are based on a nonreacting blast-wave

model. An attempt to include the influence of chemical energy release on

the blast-wave motion was made by bach et al. (1971) and later reviewed by

Lee (1972) and by Fry and Nicholls (1974). The model was quite successful
Kin describing the three energy regimes (Figure 5) identified in an earlier

study (Bach et al., 1969). In the critical energy regime, the calculations
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gave velocities below the C-J value prior to the wave accelerating toward

the theoretical velocity. Such behavior has been observed by many experi-

menters (e.g., Brossard et al., 1972). Furthermore, instabilities were pre-

dicted to occur during the approach to steady velocity. Such instabilities

have also been seen in the numerical calculations of others (Kyong, 1972;

Levin and Markov, 1976) and are consistent with the observations from recent

initiation experiments (Bull et al., 1978; Elsworth et al., 1983). For

parameters typical of acetylene-oxygen mixtures, the calculations of Bach et

al. showed that acceleration of the sub C-J wave begins when the shock front

achieves a radius of 8.2 induction-zone distances, suggesting the exis-

tence of some minimum voluile prerequisite for the onset of self-sustained

detonation.

A more recent theory for direct initiation (Lee and Ramamurthi, 197b),

which is based on the concept of such a minimum volume requirement, is

formulated around an analogy between the critical volume for detonation and

the minimum size of a flame kernel. In flame ignition, the source generates

a volume of hot gas. Successful ignition requires the flame kernel to be of

a inimum size so that the rate at which heat is generated through chemical

reaction exceeds the rate of heat loss from the volume. In the case of

detonation initiation, the source must De capable of producing a strong

enough blast wave so that the blast radius exceeds somie minimum size by the

time the wave decays to some critical Mach number. It is postulated that

the blast motion will be domminated by chemical energy release, rather than

by the source, if the detonation "kernel" is larger than the critical size.

If instead the kernel is too small, the energy released through combustion

plays a minimal role in the blast motion and the wave will continue to

decay, resulting in a deflagration. The critical radius selected is that

for which the heat energy liberated through combustion equals the source

energy. The critical Mach number chosen is that which gives a post-shock

temperature corresponding to the auto-ignition temperature of the mixture.

This theory has been moderately successful in the prediction of the critical

energies. Its weakness stems mainly from the difficulty in the choice of

the critical Hach number.
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> 1.2.4 The Transmission of Detonation ..

The Critical Tube Diameter for Transmission

to an Unconfined Region

One of the problems associated with initiation energy measurements is
that the results depend strongly on the source geometry and energy-timeprofile. This has led to difficulties in the comparison of data and in the

correlation of data with prediction. One means of initiation which does not

suffer these disadvantages involves the use of a linear detonation tube.

Experimentally, it is observed that a planar detonation wave in a tube of

circular cross section is capable of initiating a spherical wave upon

emerging from the tube into an unconfined space containing the same mixture,

provided the tube exceeds some minimum diameter. Although transmission of

this type in fuel-oxygen and fuel-air mixtures was studied earlier by
Zeldovich et al. (1956), it was Freiwald and Koch (1963) who first suggested

the linear tube as an ignition source. As long as the tube is long enough

so that an equilibrium wave exists prior to exiting into an unconfined

region, it should be possible for any two experimenters to arrive at the
same "critical tube diameter" for a given mixture or, equivalently, to
determine the same critical mixture composition for a given diameter of

tube.

This suggestion paved the way for a new wave of investigations into the

critical conditions required to initiate a spherical detonation. Matsui and
Lee (1979) proposed that the critical tube diameter be used as an alter-
native to the critical initiation energy for assessing the relative

sensitivity of explosive mixtures to detonation. These authors carriea out

a systematic study involving the measurement of critical diameters for the

cormion fuels (i.e., CH4, C2 H2 CH, C2H6 ' 3, C38 and H2 ) with oxygen

over a limited range of fuel concentration and with varying degrees of
nitrogen dilution. Since the available tubes covered a narrow range of

diameters (6.5 mm < D < 53 mm), experiments had to be performed at above and

below atnospheric pressure (in order to accomnodate the available tubes).

An extrapolation was then madu to estimate the critical diameters at abios-
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pheric pressure. To estimate trie critical diameters for fuel-air

compositions, experiments werc conducted with fuel-oxygen mixtures at low

degrees of nitrogen dilution. Curve fits to these results were then

extrapolated to the dilution corresponding to fuel-air. For the less

" sensitive fuels, such as CH4, C2H6 and C3H8 , extrapolation over two orders

of magnitude was necessary. Knystautds et al. (1982) have minimized tie

degree of extrapolation by undertaking a similar study employing tubes up to

2U0 mm in diameter. Their investigation involved C H and MAPP (a common ..

multicomponent welding gas) in addition to the fuels used by Matsui and Lee.

Although higher degrees of nitrogen dilution were possible, the extrapo-

lation to fuel-air composition was still significant for the less sensitive

fuels.

Since fuel-air mixtures are of most interest insofar as accidental

explosions are concerned, a clear need existed to carry out such tests on a

larger scale. This need has been the motivating force behind the recent

large-scale tests carried out at Raufoss, Norway (Knystautas et al., 1981;

'5 Rinnan et al., 1982; Jenssen, 1983) employing acetylene-air and ethylene-air

mixtures in tubes up to 1.36 m in diameter. A similar effort by loen et al.

(1983) involving C2 H2 -, C2 H4 -, C2 H6- and C3 H8 -air mixtures in tubes up to

1.83 m in diameter has been undertaken at DRES. As well, Guirao et al.

(1982) at Sandia have obtained critical tube diameter data on the hydrogen-

air system for diameters up to 1.21 m. The tests at Raufoss, and more

recently at McGill (Liu et al., 1984), also demonstrated the equivalence

between the critical tube diameter and the critical diameter for trans-

mission through a circular orifice hole. Since the rarefaction to the rear

of a shock wave diffracting from a tube is very different from that of a

shock transmitting through an orifice hole, reinitiation must depend on

conditions in the neighbourhood of the shock front. This implies the exis-

"- tence of a wave thickness which is rdther small in comparison with the shock

radius.

A theoretical model linking the critical tube aiameter and the critical

initiation energy was proposed by Lee and Matsui (1977). The model assumes

that the planar detonation wave emerging from the tube delivers energy to
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the gas in the outside volume via compression work done by the interface

separating the combustion products and the gas originally in the larger

volume. Under critical conditions, it has been observed experimentally that

spherical detonation is formed near the tube axis at about one diameter from

. the tube exit. This observation suggests that only the work done by the

wave up to this point in time is important in the initiation process.

Assuming the only meaningful work (i.e., work which contributes to the

initiation process) is done by that portion of the wave unaffected by the

expansion moving radially inward, a simple integration shows that the criti-

cdl energy is proportional to the cube of the tube diameter. Urtiew and

Tarver (1981) have modified the analysis, arguing that initiation must occur

before the rarefaction wave converges on the tube axis. Their argument is

based on the idea that a finite unattenuated detonation core must exist for

initiation to be possible.

Mitrofanov and Soloukhin (1965) studied the transmission of detonation

from a circular tube to an unconfined region in oxyacetylene mixtures and

suggest that a link exists between the cellular structure and the critical

tube diameter. Specifically, they propose that the critical diameter Dc is

related to the cell width A characteristic of the mixture by the relation Dc

13x. The recent study of Knystautas et al. (1982), involving a wide

variety of fuel-oxygen and fuel-nitrogen-oxygen mixtures covering a range of

initial pressures, suggests that the 13X correlation may be a universal

feature of planar-to-spherical transmission in gaseous media. Ungut et al.
(1983) have found this to be the case for the C2 H6 -0 2 -N2 and C3 K-0 2-_N2

systems as well. The large-scale test results of Guirao et al. (1982) indi-

cate that the correlation is likely valid for hydrogen-air mixtures. The

data of Moen et al. (1983), also obtained in large-scale tests, inaicate

that the correlation may be valid for other fuel-air mixtures. However,

some doubt exists due to the difficulty in the interpretation of the cellu-

lar structure appropriate to fuel-air detonations. Liu et al. (1964) have

studied transmission through orifices of square, triangular, elliptical and

rectangular shape and found the 13X correlation to hold if an effective
diameter (equal to the mean of the longest and shortest dimensions of the

orifice) is employed.
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The Critical Channel Width for Transmission to an Unconfined Region

Mitrofanov and Soloukhin (19t5) further propose that, for trdanSmission

from a narrow two-dimensional channel to an unconfined region, . luC -.

where W is the channel width. This geometry corresponds to the initiation

of a cylindrical rather than a spherical detonation. Reestablishment of the

wave in planar-to-cylindrical trdnsmission has also been studied by

Soloukhin and Ragland (1969), by Edwards et al. (1979, 1981b) and by

Subbotin and Mitrofanov (1980). Edwards and colleagues have provided evi-

dence that the iOx correlation is true for low-pressure oxyhydrogen mixtures

as well. However, preliminary results using oxygen with et.Ine, propane,

methane or acetone place W between 14x and 18x, depending on the system.

The regularity of the cellular structure is suggested as a factor which way

account for the difference. Results from the recent laboratory experiments

of Liu et al. (1984) and the field tests of Benedick et al. (1983) support

the lOX correlation for channels having an aspect ratio L/W near unity, but

show that Wc tends to about 3X as L/W becomes large.

i Theoretical models linking the dynamics of the diffracting shock to the

chemical kinetics of the mixture have been advanced by Drenin and Trofinov

(1965), with improvements by Enig and Petrone (1970), and by Edwards et al.

(1979). These models recognize that reestablishment of detonation is via an

explosive reinitiation in the vicinity of the head of the expansion follow-

ing failure of the transverse waves. However, the theory of the latter

authors appears to be more realistic in that it incorporates the chemical

kinetic behavior in nonsteady flow by drawing fro1 observations about the

decaying wavelet in an individual detonation cell.

Transmission Phenomena in Other Geometries

Apart from transmission from a tube or a channel to an unconfined
region, more complex geometries have been studied. Bjerketvedt et al.

(1981) investigated transmission through multiple orifice holes and

perforated plates. Klug and Simpson (1982) studied transmission from a

two-dimensional channel of constant width to one having a pair of diverging
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walls. Detonations negotiatiny bends (Edwards et al., 1981a) and shlirp

corners (Lee and Lee, 1965) have also been studied. Martin and Lee (1982)

looked at the problem of detonations transmitting through screens. Correla-

tions linking the gasdynamic and the chemical aspects of transmission in

these geometries have either not been attempted or have been unsuccessful.

One class of transmission problem for which some degree of success has been

experienced with correlations is that involving transmission to an uncon-

fined region from either a channel or a tube in which a central blockage has

been placed in the exit plane (Bjerketvedt et al., 1984; Sulinistras et dl.,

1984). The blockage area ratio appears to be the relevant parameter in this

type of problem.

1.2.5 The Detonability Limits and Velocity Deficits

Limits and Near Limit Ohenomena

A very important issue with respect to accidental explosions is whether

a combustible mixture will detonate and, if so, over what range of mixture

composition is detonation possible. These questions are of particular

importance because the concentration gradients are very small at the edge of

a fuel-air cloud arising from the accidental release of combustible

material. Thus, a slight change in the lean detonability limit can result

in a significant increase in the size of the detonable volume. To date, no

quantitative theory exists which is capable of successfully predicting the

detonability limits. However, several attempts have been made to formulate

a general theory. Belles (1969), for example, used the criterion of a

precursor shock just strong enough to ignite the mixture. He then deter-

mined whether the heat released through combustion was sufficient to support

a shock of that strength. The prediction for oxyhydrogen mixtures was seen

-, to differ from the experimental results of Lafitte (1938) by about 15; in

concentration of the minor reactant but became worse when the mixture was

diluted with nitrogen, argon or helium. Patch (19b1) found that correla-

tions were more successful when a constant temperature criterion was used.

*. By choosing a vibrationally unrelaxed post-shock temperature of 1314 K, the

average error in the predicted limiting concentration was about 13/. Nolan
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(1973) used the criterion that the enery required to establish a C-J shock

must equal the chemical energy release of the mixture at the limit. Fair

agreement between predictea and observed limiting concentrations was ob-

tdined for a variety of lean iiixtures. Agreeraent was not as good for fuel-

rich mixtures.

i The traditional iiiethod for determining the detonability limits has been

to carry out experiments with mixtures contained in tubes. Such studies

have been undertaken by Zeldovich and Kompaneets (196U), Lewis and von Elue

(19b1), Shchelkin and Troshin (195), Borisov and Loban (1977), Wolanski et

al. (1981) and Donato (1982). However, the results obtained can vary

markedly, depending on the tube diameter and length, and on the nature and

magnitude of the initiation source. Kogarko and Zeldovich (1948), for

example, showed that the lower limit for hydrogen-air mixtures dropped from

19.6 to 15%, while the upper limit increased from 58.8% to 63.5% when the

tube diameter was increased from the 10 - 20 mm range to 305 min. Similarly,

Rivan and Sokolik (1936) found that the limiting dianeter increased as the

mixture initial pressure (and hence, mixture sensitivity) decreased. Wagner

(1963) also showed the existence of narrowing limits with decreasing tube

diameter. It was Manson and Gu~noche (1957) who first foniially pointed out

that the specification of limits wust be accompanied by an associated tube

diameter. In their words, "to determine the lower and upper limits of

detonation, Ci and Cs, means that we are really determining the limiting

diameters for mixtures of concentration C. and C

As the limits for a given tube are approached, several interesting

de. phenomena are possible. The most common of these is the single-head spin-

ning detonation which occurs when the cell size characteristic of the

mixture is approximately equal to the tube diameter (Campbell and Woodhead,

1927; Bone et al., 1930, 1935). Experimentally, owing tc a strong coupling

between the walls of the tube and the chemical energy release, single-head

spin can persist as the mixture is made less and less sensitive. However,

it has been found that such detonations are delicate and become unstable and

fail if subjected to boundary induced perturbations (Donato, 1982). Another

type of instability which has been observed near the detonability limits

UNCLASSIF IED

.. . , . .. . . . . . . . . . . ._- _ : ... . . . .... . I I. W , .'., .I. J ', " "'L '''" ' " "



UNCLASSIFIED Z3.

is longitudinal in nature and is characterized by large oscillations in

velocity of the front. These were first reported by Mooradian and Gordon

(1951) and studied afterward by others (Saint-Cloud et al., 1972; Edwards

and Morgan, 1977). They were given the name "galloping" detonations by

Duff (1963). Edwards et al. (1974) have obtained detailed velocity data

for such waves using microwave interferoinetric techniques, while Brochet

(1966) has studied the mechanism using streak photography. Moen et al.

(1981) observed from pressure records that the phenomenon begins with an

initial decoupling between the reaction zone and the shock wave, followed

by an amplification of pressure oscillations in the reaction zone. These

intensify and lead to an explosive recoupling of the reaction zone with

the shock. The result is an overdriven wave which subsequently decays to

begin another cycle.

S

Several attempts have been made to define the detonability limits in

terms of near limit phenomena. Manson et al. (1963) devised a criterion

based on the velocity fluctuations of the wave in different diF -eter tubes.s They linked the amplitude of the velocity fluctuations to the detonation

Nach number but were forced to select some arbitrary amplitude of fluctu-

ation in order to define the "stable" regime. Dove and Wagner (19b2) pro-

posed that the appearance of spin be used as a criterion for the limit.

However, it was Moen et al. (1981) and Donato (1982) who established that

the onset of spin in a given tube corresponds to a unique mixture

composi tion.

Velocity Deficits
I- "

Hand in hand with d narrowing of the detonability limits has been the

observation of detonation velocity deficits. By "deficit" we mean the

difference between the theoretical and observed velocities. These have been

measured in smooth round tubes covering a large range of diameters and

mixture compositions (Mooradian and Gordon, 1951; Kistiakowsky et al.,

19b2a, 1952b; Manson and Gu~noche, 1957; Edwards et al., 1963; Brochet,

1966; Pujol, 19b8; Renault, 1972). Similar investigations have ieen carried

out using smooth tubes of rectangular cross section (Edwards et al., 19b3;
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Boisleve, 197u; Renault, 1972). Shchelkin (1947) and Kistiakowsky et al.

(1952b) have also measured velocity deficits in tubes whose walls have been

roughened by the installation of helical spirals into the tube. It has been

customary for experimenters to plot the velocity against the reciprocal of

the characteristic transverse dimension of the tube and to extrapolate to

infinite tube size in order to estimate the velocity in an unconfined space.

However, the French in pdrticular suggest that the velocity obtained by this

method is overpredicted [see Desbordes and Manson (1981), for examplej.

Several theoretical efforts have been undertaken to quantify the depen-

dence of the deficit on both the properties of the mixture and the

characteristics of the tube. Zeldovich (1940) proposed that the drag

exerted by the wall on the fluid between the shock and the C-J plane is

i responsible for the deficit, but this model underpredicted the deficit con-

siderably. Fay (1959) argued that distributing the losses uniformly

throughout planes normal to the axis was not physically correct and thus

accounted for the lack of success of the Zeldovich model. Instead, Fay

"a proposed that the wall effects were confined to a thin (boundary) layer and

could only influence the bulk of the flow through pressure changes propa-

gated throughout the subsonic reaction zone; that is, via a "stream line

divergence" or displacement effect between the shock and the C-J plane. A

quasi one-dimensional "nozzle" type analysis revealed that the velocity

deficit was proportional to the displacement thickness of the boundary layer

and inversely proportional to the tube diameter. Tsugi (1971) and Dove et

al. (1974), who also modelled the influence of the tube on the propagation

by quasi one-dimensional schemes, arrived at similar conclusions. They were

also successful in predicting the existence of a tube diameter below which

propagation is not possible; i.e., a "limiting" or "quenching" diameter.

Rybanin (19b9) has modelled the same phenomenon for tubes having rough

walls. Williams (1976) estimatea the quenching diameter by postulating that

the post-shock flow could only accelerate to sonic conditions if the Mach

number decreasc due to area expansion is outweighed by the Mach nuber

increase due to heat release.

b
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Influence of Confinement - Early Studies Related to High Explosives Ii
The limiting cylindrical diameter is a parameter of key importance in

the design of high-explosive cylindrical charges. The first comprehensive

theoretical effort was carried out by Jones (1947). Like much of the early

work in this area, his investigation centred around the fact that, while

gaseous detonation in a rigid tube was thought to involve essentially one-

dimensional flow, there exists no practical means of preventing a certain

degree of radial expansion in the case of solid explosives. Since it was

known from experience that the detonation velocity increased witn the

initial density of the explosive, Jones reasoned that the lower density

following radial expansion in the reaction zone of a detonating explosive

should give rise to a measurable velocity deficit. Jones' intention was to

calculate this deficit with a view to estimating the reaction-zone thick-

ness from the experimentally measured deficits. His analysis employed both

the Rankine-Hugoniot jump conditions across the shock and the conservation

equations across a quasi one-dimensional stream tuDe reaction zone. The

severity of the expansion was estimated by drawing an analogy between the

post-shock reacting explosive and the expansion of a high-pressure, high-

temperature free jet issuing into a vacuum. The analysis revealed the

deficit to be proportional to the reaction-zone length and inversely propor-

tional to the charge diameter. Owing to the lack of reliable chemical

kinetic data for high explosives, absolute quantitative results were not

obtainable. However, Jones was successful in demonstrating that the post-

shock expansion could be reduced by the application of a heavy casing over

the charge.

It was also reasoned by Jones that the only way in which all of the

boundary conditions could be satisfied is if the detonation front was

curved. Later, Eyring et al. (1949) treated this aspect of the problem

formally. These authors computed the wave front shape in a cylindricdl

charge of specified diameter by modelling the front as a series of spherical

detonation segments. The radius of curvature for each segment was selected

so that the post-detonation velocity equalled the normal component of velo-

city of the oncoming flow. The inclination angle at the edge of the charge
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was established by matching the flow direction and the pressure behind tile

detonation to the corresponding quantities behind the oblique shock in the

inert boundary material. Wood and Kirkwood (1964) carried out an andlysis

of the same problem using a vector form of the Rankine-Hugoniot jump condi-

tions and the conservation equations in the reaction zone. Instead of

concerning themselves with the connection between the boundary conditions

and the curvature of the front, these authors addressea the relation between

the curvature and the velocity deficit. They were able to demonstrate that

the deficit was proportional to the redction-zone thickness and inversely

proportional to the radius of curvature of the front. This result is con-

sistent with that of Jones (1947) if the charge diameter and the radius of

curvature of the front are proportional. It is likely this is the case,

since a decrease in diameter leads to a wore severe expansion for d given

reaction-zone length which, in turn, must cause tie front to assume a

greater curvature (i.e., a smaller radius of curvature) in order for the

deflected particles to satisfy the boundary conditions at the edge of the

charge.

1 Much later, Sichel (1965) clarified the connection between the curva-

ture, the charge diameter, the boundary conditions and the velocity deficit

in proposing a hydrodynamic theory which employed the conservation equations

in orthogonal curvilinear coordinates coincident with the curved shock sur-

face. His analysis showed that the transverse and axial equations of motion

could be decoupled if the reaction zone was thin in comparison with the

radius of curvature of the front. It was further demonstrated that,

locally, the equations describing the reaction-zone flow behind a curved

shock are the same as for a one-dimensional stream tube with area increase

and heat addition. The rate of area increase was shown to depend on only

the local curvature and the density profile across the reaction zone.

Experimentally, most of the features of detonation phenomena describea

by the above analyses have been borne out. Cook (1958), for instance, con-

firmed the notion of a curved wave front in a charge. Some of the most

enlightening experiments were conducted by Campbell et al. (1955). In one

test series, it was found that a detonation wave in liquid nitromethane was
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sustained when the explosive was contained by either brass tubes of J iiii in-

p side diameter and 1.6 mm wall thickness, or by Dural tubes of the same wall

thickness but 4.8 mm in diameter. However, the aetonation wave was seen to

fail when the explosive was contained by glass tubes of less than 17 mm

inside diameter. It was also found that, by lining the inside of a glass

tube with a 2 mil thick layer of aluminum foil, the wave could be sustained

. in tubes of much smaller diameter.

Another interesting experiment performed by the same authors involved

lining a glass tube with platinum foil. One section of the tube was lined

with 1 mil thick foil, while the second and third sections were lined with

0.5 mil thick and 0.2 mil thick foil, respectively. Under these conditions,

a detonation wave was seen to propagate successfully through the first two

, sections, but fail in the least confined third section. In all cases, the

failure process originated at the boundary and proceeded inward to the

charge axis. A similar stuay involving ammonium nitrate charges cased in

aluminum, copper or steel was carried out more recently by Tarasenko

(1974a). However, this author was concerned with the trajectory of the

casing material for the purpose of evaluating the severity of the expansion

on the reaction zone. The sane author investigated the influence of an

annular layer of water placed between a cylindrical charge and a coaxial

metal casing (Tarasenko, 1974b). Two imlportant qualitative conclusions were

drawn from the latter tests. First, for a given explosive and charge dia-

meter, there existed a limiting thickness of water, beyond which the metal

casing was of no consequence. Second, as the explosive was made less sensi-

tive (i.e., as the reaction zone was made longer), the limiting water layer

thickness was seen to increase. These two observations suggested to the

author that the limiting water layer thickness could be used to infer the

reaction-zone length, but the idea was not pursued.

Influence of Confinement- The Extension to Gaseous Explosives

Although a general understdnding of the influence of confinement on

condensed-phase explosives had been gained by the end of the fifties, the

details of the interaction between the wave and the container housing the
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charge were not understood. This was due mainly to experimental efforts

being hampered by the destructive power of explosives, while theoretical

studies were stalled by the lack of knowledge about the equation of state

and the thermodynamic properties appropriate to high-explosive materials.

Consequently, some attention was directed toward the possibility of investi-

gating a suitable analogous phenomenon. The idea of a solid boundary

becoming compressible under the influence of the high detonation pressures

and temperatures suggested that some insight into the problem might be

gained by studying the behavior of gaseous detonation waves bounded by inert

gases of various density. The first study of this type was undertaken by

.Sommers (1961) and Sommers with Morrison (1962) using explosive mixtures of

hydrogen, methane, propane or ethane with oxygen. In their initial experi-

ments, a jet of oxyhydrogen mixture was allowed to issue from a circular

tube into surrounding quiescent air. It was found that the confinement

imposed on the cylindrical column of combustible mixture by the higher den-

sity air was not sufficient for a detonation wave emerging from the tube to

continue propagating in the column.

Undaunted by this attempt, a second experimental configuration was

investigated; a narrow channel consisting of a metal bottom wall and a pair

of parallel glass side walls. A jet of explosive mixture exiting a slot was

used to establish a flow over the bottom wall. Tnis flow was bounded on the

top by a second parallel jet flow of inert boundary gas (air or helium).

The result was a rectangular column of combustible mixture bounded on three

sides by rigid confinement and on the top by a compressible medium. Mixing

and diffusion were minimized by maintaining approximately equal velocity

laminar jets. Schlieren photographs showed that a detonation wave emerging

from the slot into the channel always became curved, with the curvature

process beginning at the compressible boundary and proceeding toward the

bottom wall. Furthermore, after propagating some distance, the front always

achieved an equilibrium shape.

In an attempt to evaluate the confining ability of the boundary yas,

these authors carried out a simple analysis. Ignoring the reaction-zone

thickness, it was argued that for the correct flow configuration the
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pressure and the direction of the gas leaving the detonation wave at G-J

3 conditions must equal the corresponding quantities behind the oblique shock

wave in the inert boundary gas. Assuming the "best" container for a charge

to be the one which gives the highest pressure ratio across the oblique

shock in the boundary gas, it was shown that the largest ratio of acoustic

impedance (pc where p is the aensity and c is the sonic velocity) between

the boundary gas and the explosive gas provided the must effective confine-

ment. This criterion proved to be valid in explaining the hierarchy of

confining materials reported earlier by Campbell et al. (1955) for nitru-

methane detonations.

Although Sommers and Morrison (1962) ignored the finite reaction-zone

length in their analysis, it was nonetheless recognized that successful

propagation in their second test configuration was the result of a lesser

degree of expansion in the reaction zone, resulting from both a larger gas

column size and the two-dimensional nature of the latter apparatus. A more

comprehensive study in the same gemetry, which attempted to take into

account the finite reaction zone, was later carried out by Dabora and

colleagues (1963, 1965). The test section used by these investigators was

essentially the same as that employed by Souners and Morrison except that

the slot height was adjustable, thus allowing the charge size to be varied.

Hydrogen-oxygen and methane-oxygen mixtures bounded uy nitrogen, butane,

helium or hydrogen were employea. Schlieren photography and ionization-

gap probes were used to determine the success or the failure of propa-

gation and to deduce velocity deficits in cases of sustained propagation.

The theoretical mooel formulated by these authors was centred around the

ZNU concept of a detonation wave. That is, the wave was assumed to

consist of a shock wave followed by a zone of heat release terminating at

the C-J plane. The "stream tube" area increase over the reaction zone

was determined by first calculating the deflection angle of the inert/

explosive interface. A pseudo one-dimensional shock tube analogy was used

for this purpose. The reaction-zone length employed was deduced by

Fay (1959) oased on the calculations of others (Kistiakowsky and KydU,

I 1954). The velocity deficit resulting from this area increase was then

computed using a slightly modified version of the "nozzle" model employed
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by Fay in his study of the post-shock divergence resulting from the

growth of viscouse boundary layers in the wake of the frontal shock.

Good agreement was found to exist between the predicted area increase/

velocity deficit variation and that observed in the experiments. It was

also found that the maximum velocity deficit was on the order of 10% for

propagation in a rectangular channel bounded rigidly on three sides and

by an inert gas on the fourth side. Attempts to predict the limits of

detonability based on criteria such as those advanced by Belles (1959),

Patch (1961) and Shchelkin (1959) were, for the most part, unsuccessful.

However, the analysis did show that the confining ability of the inert

boundary gas depended on the ratio of (py); in the inert gas to that in

the explosive mixture (p is the density and y is the ratio of specific

heats). This quantity is closely related to the acoustic impedance ratio

suggested by Sommers (19bl) and Summers with Morrison (1962) to be the

important parameter.

Very little attention was paid to the inert boundary gas problem until

many years later when Adams (1972, 1978), motivated by the earlier observa-

tions of Sommers (1961), Dabora (1963) and Lu (1968), conducted a study on

the effect of low-density boundary gases on the propagation of detonation.
These earlier authors had observed that the oblique shock in the inert gas

became detached from and ran ahead of the front if the inert gas was of low

enough density, resulting in detonations which propagated at about half the

C-J velocity. It was proposed that the detached shock wave running ahead of

the detonation was making it "believe" that it was confined by a gas of

higher density. The work of Adams, however, indicated that the wave was
W quenched and simply propagating at d velocity equal to the sonic velocity in

the boundary gas.

1.3 Objectives and Fomat of the Thesis

1.3.1 A Brief Recap - Where We are Today

It is evident from the historical review in Section 1.2 that the forma-

tion and sustenance of detonation waves depend on an intimate competition

UNCLASSIF IED,



UNCLASSIFIED 31.

between the rates of post-shock gasdynamic expansion and heat release due to

chemical reaction.

The gasdynamic expansion is a function of both the initial conditions

(energy, energy-time characteristics and geometry of the source, etc.) and

the boundary conditions (geometry, compressibility or motion of walls, boun-

dary layer growth, etc.). Past studies have been reasonably successful in

addressing these aspects of the phenomenon. In general, there exist two

types of problems. The first class includes those in which the flow enter-

ing the frontal shock wave is globally steady as viewed oy an observer

moving with the shock. Problems of this type include propagation in a

column of explosive mixture bounded by either an inert gas (Jones, 1947;

Sommers and Morrison, 1962; Uabora, 1963; Vasiliev, 1980) or a yielding

casing material (Jones, 1947; Vasiliev et al., 1972; Tarasenko, 1974a,

1974b). Even if the casing does not yield in the wake of the passing wave

(i.e., propagation inside a rigid tube), expansion of the flow can still be

brought about by the growth of viscous boundary layers at the edge of the

column (Fay, 1959). The gasdynamic expansion in the above described cases

is usually treated from a "stream line divergence" point of view.

The second class of problems is that in which the flow entering the

front is not globally steady to an observer riding on the shock. Initiation

and transmission problems in which the fronts diverge are two coamnon

examples. Analysis of such phenomena generally focuses on the shock motion

rather than on the motion of the post-shock fluid particles. In the case of

initiation problems, for example, the gasdynamic expansion can be character-

ized by the distance over which the initiating shock wave decays to some

specified strength (Zeldovich et al., 195u; Lee and Ramamurthi, 1976). .

Other parameters which have been used in the analysis of detonation trans-

mission include the local rate of growth of the detonation frontal area

(i.e., A-'dA/dR) or the local velocity gradient (dM/dR) of the diffracted

shock front (Edwards et al., 1979). It is certainly not clear how the

many different means of characterizing the gasdynamic expansion are inter-

related. This is, no doubt, one of the reasons why a unified description of

detonation behavior has not yet been proposed.
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The rate at which energy is liberated within the Getonation front is a

function of the chemical properties of the mixture for a pecified post-

shock thermodynamic history (i.e., for a given gasdynainic expansion). To

date, the one-dimensional induction-zone length based on properties behind a

C-J shock has generally been selected as the representative cheiical kinetic

length. However, when used in theoretical models, agreement between the
prediction and experiment has been poor. Perhaps the best example of this

is the Zeldovich (et al., 195b) criterion relating the critical energy for

direct initiation in spherical geometry to the cube of the induction time.

Quantitatively, this theory underpredicts the critical energy by orders of

magnitude. Clearly, the biggest stumbling block in the road to unifying
the detonation field has been our inability to identify the controlling

chemical kinetic length scale. The reason for this is that the universal

nature of the nonsteady, three-dimensional cellular front managed to evade

scores of researchers until only twenty-five years ayo. Up to that point in

time, the only hint that the controlling chemical kinetic length in detona-

tive propagation might be much larger than the induction-zone length was the

M observation of single-head spinning waves near the detonability limits in

rigid tubes (e.g., Manson and Gunoche, 1957). Shortly after the revelation

* of universal cellular structure, Mitrofanov ai ' Soloukhin (1965) proposed

the 13, correlation linking the critical tube diameter to the cell width in

oxyacetylene mixtures. More recently, Edwards et al. (1979) observed that

reignition following diffraction of a planar detonation wave from a tube

occurs at a fixed number of cell widths from the tube exit. These observa-

tions give rise to speculation that the controlling chemical kinetic length
is closely tied to the cell size.

1.3.2 An Outline of the Present Undertaking

The contributions of the present thesis are based on a series of de-

tailed experimental investigations focusing on both the critical conditions

and the behavior of detonation waves under supercriticdl conditions. Th-

intimate competition between the gasdynamic expansion and the chemical heat

release under a variety of initial and boundary conditions is analyzed with

particular emphasis on the cellular structure of the wave. These investi-
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gations are described in Chapters 2 through 6. Chapter 2 deals with the

critical conditions required for a planar wave emerging from a tube to con-

tinue propagating as either a diverging spherical or cylindrical wave. -_

Chapter 3 addresses the planar-to-spherical transmission problem as well,

but for explosive mixtures with relatively longer characteristic chemical

kinetic times (i.e., fuel-air mixtures) in a large-scale field apparatus.

The objective is to examine the universality of conclusions drawn from the

laboratory study described in Chapter 2. The tests outlined in Chapter 4

involve long cylindrical gaseous charges in which the gasdynamic expansion

imposed on the detonation wave is controlled by varying the density of the

confining walls which are shed in the wake of the wave. A corresponding

laboratory study described in Chapter 5 is similar, except that the gas-

dynamic expansion is regulated by varying the fraction of the boundary which

is allowed to yield, more so than by varying the density of the yielding

wall material. Particular attention is paid to the phenomenon of velocity

deficits. Selected experiments on the direct initiation of ethylene-air

mixtures using high-explosive charges are described in Chapter 6. Drawing

from the results of these five experimental investigations, a simple theory

is proposed to describe macroscopic detonation behavior. The theory

addresses the competition between the gasdynamic expansion and the global

rate of chemical reaction by incorporating the features of the cellular

structure into the conventional stream line divergence philosophy. When the

findings of previous investigators are interpreted in the light of the

proposed theory, it is found that many studies which were seemingly

unrelated are, in fact, just variations of the same chemical-gasdynamic

dependence. Conclusions and recommendations for future research are

summarized in Chapter 7. A statement outlining the original contributions

of the present work is given in Chapter 8.

.-..
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2.0 THE CRITICAL CONDITIONS FOR THE TRANSMISSION OF PLANAR DETONATION TO

SPHERICAL OR CYLINDRICAL DETONATION*

2.1 Introduction

Tne criticdl tube diameter Dc for the transformation of a planar deto-

nation in a circular tube to a spherically diverging detonation has been

proposed as a measure of the detonability of combustible mixtures (Matsui

and Lee, 1979). mitrofanov and Soloukhin (1965) first proposed that the

-- critical diameter is linked to the cell size x of the nonsteady three-

dimensional detonation front via the simple relation Dc  13X, based on

experiments using low-pressure oxyacetylene mixtures. The same authors

proposed a similar correlation for the case of transmission from an infinite

slit of width W to an unconfined medium. The proposed relation, lx, "0

is based on the assumption that the real phenomenon is satisfactorily simu-

lated by sandwiching between two confining plates a thin sheet into which a

channel and an abrupt area increase have been machined. Essentially, tie

idea is to examine a thin slice of an infinite geometry. Edwards et al.

(1979, 1981b) have confirmed the 10X correlation for oxyacetylene miixtures

in a similar test arrangement and further suggest the correlation slould be

approximately valid for all detonative systes. Liu et al. (19U4) arid

benedick et al. (1983) agree with this conclusion, in principle, but claim

q that Wc tends to about 3X as the aspect ratio of the slit increases, putting

in question the "tiin slice" philosophy of previous investigators. Nonethe-

less, an empirical relation linking a global detonation parameter (D or Wc)

to a smaller scale parameter (W) characteristic of the cellular structure

- appears to be generally valid for transiission-type phenomena.

Although most studies to date have focused on relatively simple geome-

tries for which the critical condition depends on the mixture sensitivity

*The bulk of the material in this chapter has been published in the paper

"On the Transformation of Planar Detonation to Cylindrical Detonation".
Combustion and Flame 52, 269 (1983). Authors: Murray, S.B. and Lee, J.H.
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(i.e., on x) and on one geometric length, investigations of more complex

* geometries have also been conducted. These include studies of detonations

negotiating bends and sharp corners (Lee and Lee, 1965; Edwards et al.

1981a) and detonations transmitting through multiple orifice holes, per-

forated plates (Bjerketvedt et al., 1981), annular passageways (Jenssen,

1983) and screens (Martin and Lee, 1982). Such investigations have been

valuable in providing insight into the fundamental processes of failure and

reinitiation involved in the transformation of detonation from one geometry

to another, but they have not yet been successful in quantifying the criti-

cal conditions in terms of general correlations.

The mere identification of such correlations, even if only for simple

geometries, strongly suggests the existence of a critical balance between

the global rate of reaction, characterized by X, and the rate of gasdynamic -

expansion, characterized by a length typical of the geometry (D or W, for

example). The experimental study to be described in this chapter involves

the transformation of a planar detonation in a circular tube to a cylin-

drical wave expanding radially outward from the tube axis between a pair of

parallel plates separated by a distance w. This geometry is of interest in

that d gradual change in the phenomena can be observed as the plate separa-

tion is varied between a large value (in comparison with the tube diameter
D) where only one nondimensional parameter, D/), is important, to smaller

values where two parameters, D/x and w/X, are expected to play a role. The

objective of the study is to elucidate the nature of the critical chemical-

gasdynamic balance for these relatively straightforward cylindrical and

spherical geometries, with a view to extending the criterion to the more

general case.

2.2 Experimental Details

The test facility shown in the photograph of Figure 6 and the schematic

diagram of Figure 7 was designed to endble investigation of both cylindrical

and spherical initiation phenomena. The apparatus consisted of two compo-

nents. The first of these was a round plexiglass detonation tube 1.83 m
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long with an inside diameter of bJ.2 im,, giving a length-to-diameter ratio

L/D of about 30. The ignition end of the tube was capped by an igniter plug

with two brass electrodes. Initiation of detonation in the tube was

achieved by capacitor discharge (0.1 1F charged to 2u kv) through a thin

copper wire of 50 win length. This system provided reliable initiation of

the test mixture (equimolar oxyacetylene) at initial pressures as low as 4

Torr.

The second component of the apparatus was a cylindrical chamber cun-

sisting of two circular aluminum plates separated by an annular spacer. The

chamber was oriented normally to the longitudinal axis of the tube so that a

wave emerging from the tube would be diffracted around a sharp 900 corner.

The plate separation w was varied by installing different combinations of

steel and plexiglass annular spacers between the plates. Separations of

6.3, 12.1, 24.7, 48.5, and 70.8 mm were investigated, corresponding to w/D

ratios of 0.099, 0.191, 0.391, 0.7b7, and 1.12, respectively. The chamber

diameter was 560 mi. For the limiting case of "infinite" plate separation,

a steel pipe of 362 mm length and 250 mm inside diameter, giving a value for

w/. of 5.73, was used as a cylindrical chamber.

The oxyacetylene mixture was premixed using the method of partial

pressures. The error in mixture composition was estimated to be less than I

part in 200U. For each experiment, the test volume was first evacuated to

0.1 Torr absolute pressure and then filled to 75 Torr with the test aixture.

It was subsequently evacuated to I Torr and filled a second time to 75 Torr

before finally evacuating to the required initial pressure. The error in

determining pressure using a mercury manometer was less than ±1 Torr.

The diagnostic methods employed are illustrated in Figure 7. These

included pressure transducers, smoked mylar films and open-shutter photo-

graphs. Three pressure transducers (PCB 113A24) were installed in the tube

just upstream of the exit to the chamber. A fourth transducer at the edge

of the cylindrical chamber (in the annular spacer between the plates) was

used to determine whether transmission was successful. The structure of the
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detonation wave was recorded using smoked mylar films, prepared by applying

a thin layer of soot to 0.13 mm thick sheets of transparent iylar. Tnese

films were taped to the walls of the apparatus at strategic locations. oine

smoked film was placed in the tube just upstream of the exit. Another two

films were attached to the walls of the cylir;drical chamber; one on the back

plate surrounding the tube exit and the other on the front plate opposite

the exit. The purpose of these was to record the details of the interaction

between the diffracted wave and the boundaries during the transformation

from one geometry to another. For tests near criticality, an additional

smoked film was attacheo to the inner surface of the annular spacer to aid

in determining whether transmission had occurred. The third method of diag-

nosis was open-shutter photography, used when the plate separation was on

the order of the cell size.

Photography was made possible by replacing the aluminum front wall of

the chamber by one of plexiglass. A 35 mm camera with ultraviolet filter

and ASA 400 film was then positioned on the tube axis looking normal to the

direction of propagation in the chamber. With the shutter open throughout

the course of an experiment, a time-integrated record of the triple-point

trajectories was captured on film. The chemical luminescence of equimolar

oxyacetylene was one of the criteria used in the selection of a suitable

test gas.

In all, a total of 174 experiments were carried out.

2.3 Experimental Results and Discussion

2.3.1 Cell Width Measurements

All detonation pressures and velocities measured in the tube were with-

in ±5"' of the corresponding C-J values, confirming that equilibrium propa-

gation was established before the wave encountered the abrupt area change.

This was further supported by transverse wave spacing or cell width measure-

ments from smoked films and open-shutter photographs. A summary plot of

cell width versus initial pressure is shown in Figure 8. It should be noted
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that, from an experimental point of view, the cell width A is better

defined than the length Lc due to the difficulty in deteriiining the end of

the "cusp"-like tail on the cell. Consequently, the cell width has been
measured and the length inferred from a typical cell aspect rdtio (x/L c

0.6 for the present 21H -O2 mixtures). This will be the approach throughout

the remainder of the thesis, although the aspect ratio used will be seen to

depend weakly on the detonative system. Data include measurements frool both

the tube and the cylindrical chamber. Cell widths were obtained from the

records using two different sampling methods. In the first method, the

average width of many individual cells was computed. The second method was

to identify and measure the average width of dominant diagonal bands of

cells. Tnis latter procedure was used to discriminate between substructure

and primary structure, since substructure seldom persists in bands for this

system. Also shown in Figure 8 are transverse wave spacings computed from

the period of oscillations At on the leading portion of the pressure-time
signatures obtained from transducers in the tube. The cell aspect ratio

noted above was used along with the one-dimensional Chapman-Jouguet velocity

VCJ to give X = 0.6 VCJ At. Finally, an indirect measure of the cell

i width was obtained from the 13x correlation. For the present tube, this

gives .x 63.2/13 = 4.9 mm at the critical initial pressure of 16.5 Torr.

The present data are in good agreement with the recent cell width data

U of Knystautas et al. (1982) which are also included in Figure 8. The dashed

line through the data has been derived from the critical tube results of

Matsui and Lee (1979), again using the 13x correlation. In fact, this line

describes the trend of the present data quite well and will be used as a

reference in calculations involving the cell width later in this chapter.

Substantial scatter in the data, particularly at lower initial pressures

may be due to confinement effects in cases where the cell width was on the

order of the transverse dimension of the test volume.

2.3.2 The Two Modes of Reinitiation

The contributions of this study are centred around observatiuns on the

two distinct ,nodes of reinitiation sketched in Figure 9. In both cases, the
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planar multiheaded detonation wave (P) which eierges fruia the tube is initi-

ally threatened by the inward propagating rarefaction wave originating at

the area change. When the cylindrical jap is larye (Figure 9a) in cu,'-

parison with the cell size characteristic of the mixture, reinitiati3n

commences by the formation of one or more reignition or explosion nuclei (E)

before the diffracted wave interacts with the wall opposite the tube exit.

Subsequently, detonation bubbles evolving from these nuclei propagate both

ahead into the unburned gas and transversely (T) through the compression

heated gas bounded by the diffracted shock (D) and the trailing reaction

zone (F). Individual bubbles collide to form a cofiplex system of interact-

ing Mach stems which eventually coalesce into a symmetric, reestablished

spherical wave (S). Since reinitiation occurs prior to the interaction of

the wave with the opposing wall, it will be referred to as "spontdneous

reinitiation". It is the same mechanism by which a detonation wave in a

tube transforms into an unconfined spherical detonation.

In the second mode of reinitiation (Figure 9b), reignition nuclei are

not born spontaneously but form due to the reflection of the incident wave

from the opposing wall. Upon reflection, a cylindrical Mach stem (M,) is

driven radially outward along the front wall and a reflected shock (R,)

travels back toward the tube exit. Owing to the strength of the reflected

shock and the fact that a portion of it propagates through unburned but

compressed mixture, a sizable volume of high-temperature unreacted gas is

realized almost immediately and detonation results. The subsequent process,

whereby the transversely propagating detonation engulfs the diffracted shock

to form an equilibrium cylindrically diverging detonation, is similar to

that which occurs in the spontaneous case. Since this mode of reinitiation

is boundary induced, it will be referred to as "reinitiation by reflection".

Smoke Records Corresponding to Spontaneous Reinitiation

Figure 10 snows a smoke record from an experiaent in which spontaneous

reinitiation was the mechanism by which the wave reestablished itself in the

cylindrical volume. This particular record is from the back wall (the black

circle shows the tube cross section) for the largest plate separation (i.e.,
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w/D = 5.73). The most do'innant feature is the narrow asymetric annular

ring. The inner and outer boundaries of this ring mark the positions of the

diffracted wall shock (U) and the trailing reaction zone (F) at the ioi,lnt

the transversely propagating detonation wave (T) arrives at the back wall.

Since the collision is fro, a direction more or less normial to the wall, tne

resulting cellular writing is of the end wall variety (i.e., like Figure

ID). Furthermore, it is of small scale, emphasizing the increased detona-

tion sensitivity of tile preshocked mixture. Asymmetry of the ring is due to

the fact that reignition does not occur along a circular locus of points, as

depicted in the idealized sketch of Figure 9a, but rather at several dis-

crete "hot spots" around the periphery of the attenuated detonation core.

Consequently, different times are required for points on the surfaces of

expanding detonation ourbbles to arrive at the back wall. The "fan"-like

structures, which originate at discontinuities in the curvature of tile

annular ring and grow circunferentially with increasing radius, are written

by detonative Mach stems caused by the collision between two such detonation

bubbles. The scale of the structure within the fan is small near the

annular ring, emphasizing the localized overdriven nature of the Mach stein,

i but grows with increasing radius until the equilibriun cell size is

approached as the ach stem decays to the steady state.

The annular ring and the tube bound an area characterized by a lack of

cellular structure. This is the region over which the diffracted shock is

not driven by a coupled reaction zone. Since the detonative mechanis had

broken down, the wave did not write on this portion of the smoked film.

Outside the annular ring, the usual side wall writing (i.e., like

Figure la) is seen, confirming that propagation near the back wall is in the

radial direction. The small "petal"-like structures around the periphery of

the annulus are written by numerous detonative Mach stems (,,I2) created by

the reflection of the transversely propagating detonation wave from the back

wall. Each Mach stein is bounded on the sides by a pair of transverse waves

which move toward one another as the Mach stem propagates radially outward

along the wall. The "point" of each petal marks the location where a pair

of circumferentially moving (i.e., in a direction norwal to the plane of tue

sketch in Figure 9a) transverse waves meet.

UNLLSSIFILU

p.I



U(JGLAS-IFIL 41.

Smoke Kecords Corresponding to Reinitiation by Reflection

i The collection of four pairs of smoke records shown in Figure 11 is

from experiiments in which the opposing wall (w/r = 0.391) plays d role 

the transformation process (i.e., reinitiation by reflection). Pri ts on

tne left (a) are from the back wall, while those on the right (b) are from

the front wall. Sets of prints are presented in order of decreasing nlixture

sensitivity. The annular rings in Figures 11.la and 11.2a, corresponding to

experiments for which D/A was approximately 34 and 15, respectively, exhibit

rotational synimietry and are of nearly identical radius, despite the appreci-

- able difference in mixture sensitivity as evidenced by the scale of both end

wall and side wall cellular structure. The symmetry is due to reignition

being induced by reflection of the diffracted wave froi the front plate, as

illustrated in Figure 9b. Since reignition of this type is georletricdlly

controlled, takiny place along a circular locus of reignition nuclei in the

preheated gas near the front wall, formations on the smoked films are rotj-

tionally symmetric. The fact that the rings are of nearly identical size

over a considerable range of sensitivity is due to two factors. First, the

shock trajectories are invariant over the narrow range of pressures useo to

adjust the mixture sensitivity, both in the early diffraction stages DefL.re

reignition and at later times when the transversely propagating oetonation

sveeps rearward. Second, the reflected shock is of sufficient strength so
. that the delay to reignition is negligible in comparison with the time taken

for the reinitiated wave to sweep to the back wall. This is confirmed in

both Figures 11.lb and 11.2D in that the transition from end wall to side

wall structure is sudden, occurring over a distance much snaller than the

cell length itself.

As the sensitivity of the inixture is reduced, a limit is approached for

which the reflected wave is barely capable of reignition. Smoke records

from a test near criticality are shown in Figure 11.3. The annular ring is

hilhly asymetric, exhibiting a ragjed outer Doundary, a varying ring thick-

ness (i.e., the distance between the inner and outer boundaries of the

ring), and a mean radius which increases rapidly with decreasing oixture
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sensitivity. Diminishing symmetry is evidence that reignition is n9argi lal

and therefore spotted, occurring at sone locations near the front wall in

the vicinity of the head of the expansion but not at others. The trend of

increasing radius with decreasing sensitivity is probably the result of tie

- - ~ reflected shock having to travel a substantial distance through tne preheat-

ed gas behind the diffracted shock before the onset of renewed detonation

(see Figure 11.3b). Therefore, as the limit is approached, reignition is no

longer instantaneous in comparison with other time scales which influence

, the ring size.

As the mixture sensitivity is reduced even further, a point is reached

where the reflected wave cannot reignite the gas and failure results. The

smoke records in Figure 11.4 clearly deinonstrate that transmission was

unsuccessful. Only a vague outline of the ring is present on the record

from the back plate. The corresponding smoke record from the front plate

snows a core of end wall structure surrounded by a region of side wall

writing which grows rapidly in scale with increasing radius ana finally

terminates. Despite the formation of numerous reignition centres around tie

periphery of the core, the decay of the cylindrical Mach stem is too rapid

for chemical reactions to remain coupled with the shock. Trdnsmission with

this plate separation is not possible for less sensitive mixtures.

2.3.3 The Annular Ring - What Does It Tell Us?

" The radius of the annular ring seen on most of the back wall smtoke

records is an infurmative parameter describing the transformation froml one

geometry to another. It is an indirect measure of the time required for -Oe

detonation emerging from the tube to reestablish itself in the cylindrical

geouietry. More specifically, the time taker by the wall shock to propagate

from the edge of the tube to a radius of R (see Figure 9) is equal to the

su, of the "reignition time" plus the "sweepback time" at the instant the

ring is written on the smoked film. The reignition tiie is defined as te

interval between the arrival of the planar wave at the tube exit and tie

occurrence of reignition downstream of the exit. The sweepback time is that
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taken oy the reinitiated expanding detonation buobles to sweep back to the

rear wall. A plot of the ring radius versus tne relative mixture sensi-

tivity is shown in Figure 12. Data include iiieasured ring radii for all

plate separations. The ring radius is normalized with respect to the tube

radius Ro . The relative mixture sensitivity is quantified in terms of a
0

normalized cell size, X /X. Here, X is the cell width characteristic of a
5

particular initial pressure (see Figure 8) and X is a reference cell widtm;s

namely, that required for critical transmission of a planar wave from a tube

of radius R to an unconfined miedium. As such, mixtures more sensitive than

that required for critical transmission to free space are characterized by
values of A ,/x greater than unity, while those less sensitive are denoted by

values of X /X less than unity. Open symbols in Figure 12 depict successful

transmission, whereas shaded symbols denote failure to transnit. Half

shaded symbols indicate marginal cases in which transmission appeared to be

successful judging from some portions of the smoke record but not so from

others. These marginal cases covered a very narrow range of initial

pressures (-1-2 Torr) for a given plate separation. Hence, as is the case

for critical transmission to an unconfined region, the mixture sensitivity

for critical transformation to cylindrical Jetonation is well defined for d

specified plate spacing.

For the largest plate separation (i.e., w/D = 5.73), where reignition

can only occur spontaneously, tie normalized ring radius Rs/R decreases

with increasing mixture sensitivity, as illustrated by the broken line in

Figure 12. This is a consequence of the fact that the point of reignition

moves toward the tube exit as the mixture is made tore sensitive. There-

fire, the transversely propagating detonation sweeps to the back wall before

the wall shock has travelled any appreciable distance. In the limit of high

sensitivity, it is likely that Rs /R0 approaches unity. As the sensitivity

is lowered, the point of reignition moves away from the tube exit so that

the ring radius takes on a maximud value of about three tuoe radii in te

critical limit.

The solid lines in Figure 12 show toe ring size data for tile fivw
, . .. smaller plate separations (i~e., U.0)99 w/U 1 .12). All curves arc of ~
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similar shape in that each corsists of three distinct branches. Using tile

data fur the plate separdtion of w/U = U.391 as an example, each curve has a

centrdl branch (1.2 1 XsA '- 2.6) over which the ring radius is practically

cunstant for a significant range of sensitivity, a lower branch

(J.85 x sA 4 1.2) over which the radius increases rapidly as the critical
s

mixture sensitivity is approached, and an upper transitional branch

(Z.b Xs/A , 3.1) which connects the central branch to the curve for

spontaneous reini tiation (i.e., the dashed curve corresponding to

" w/D = 5.73). The reasons for the variation in ring radius with mixture
sensitivity over the central and lower branches of the curve have already

been discussed with the aid of the smoke records shown in Figure 11. In

fact, the ring radii obtained from the smoke records in Figures 11.1 - 11.4

are labelled 1-4 in Figure 12.

At high enough mixture sensitivity, the ring size must eventually be

indentical to that for spontaneous reinitiation, regardless of the plate

separation, since it is always possible to choose a sensitivity for which

reignition takes place spontaneously long before the emerging wave is aware

of the front wall. The smoothness of the upper transitional branch suggests

that the changeover fromd one mode of reinitiation to another is a gradual

one in which the plate plays a role of diminishing importance as the sensi-

tivity is increased. It is thought that a range of sensitivity exists over

which reignition is of the spontaneous type, but for which the resulting

ring radius is still governed by t!e wall due to a subsequent reflection

later in time. This is probably wily the curve for a given plate separation

crosses over that for spontaneous reinitiation and then approaches it

asyiptotically from above. The ring size will be unaffected by the presence

of the plate only if reijnition occurs well oefore the wave encounters it.

The fact that the ring rddius is independent of X /x over a large range

suggests that tne phenoiaena do not depend on tne nonaimensional paraiieter

D/A over that range since D JX . This is not surprising since gasdynamic
S

interactions in the cylindrical chailber control the phenomena. Furtheriore,

the critical condition for trans ,ission does not appear to correlate with "
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- U/, since the front plate makes critical transmission to cylindrical

geometry more difficult (i.e., A /A 1) than to an unconfined reyion for

small plate separations, but less difficult (i.e., A /A 1) for larger

separations. Both of these observations suggest that A ,nay not be an

appropriate reference mixture sensitivity for describing transnission to

this geowetry. Perhaps Ac5 the equilibriwn cell width for critical trans-

mission to a particular gap, is more suitable.

Figure 13 shows the ring size data replotted in the form (R - R )/A
5 0'

versus X c/. The expression (R s - R )/x for the ring radius is siuply the

distance travelled by the wall shock, in terms of cell widths, up to the

time when reestablishment has been completed. As might be expected, the

data follow one of two trends corresponding to the two modes of reiniti-

ation. It is convenient to discuss the implications of each trend

separately.

Reinitiation by Reflection - the Formation of Cylindrical Detonation

I The ring size data for the five plate separations fall onto a single

curve. The fact that the ring radius is a unique function of Xc A confirms.c
that the process is controlled by the plate and emphasizes the similarity of

the reignition and sweepback mechanisns in this type of transiission.

Further support is provided by the observation that, within the bounds of

experimental error, the plate spacing is a constant multiple of the cell

size at critical conditions. Specifically, the computed values for w/xc are

5.2, 5.6, 5.4, 6.1, and b.2 for each of the five plate separations, begin-

ning with the smallest. That is, w = 5.7Xc to within ±10%. These conclu-
-'." sions provide a posteriori justification for the selection of A as anc

appropriate reference sensitivity and confirm that the phenomena do iioeed

scale with w/A. If the detonation tube is looked upon as an ignition source

for the initiation of cylindrical detonation, the critical plate spacing of

5.7X is consistent with observations by Matsui and Lee (197b) that it is

difficult to initiate cylindrical detonation in low-pressure oxyacetylene

using flanged electrodes if the electrode spacing is reduced below about

five cell widths. Combining the above 5.7A correlation with the 13A cor-
c S
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relation gives the connection between the cell wiOth required for trdn-.

mission to a cylindrical gap and that required for transmission to an

unconfined region. Thus, x /x - (13/5.7)w/U = 2.3w/U, for the range of w/D

ratios investigated.

One of the ojectives of this study is to determine the ninimuii condi-

tions required for the formation of cylindrical detonation. Consider the

"work-done" model of Lee and Matsui (1977) which proposes, for the analoyous

* -. case of spherical initiation, that the minimum conditions can be expressed

- in terms of the copression work done on the gas in the unconfined volume by

the pl anar wave emergi ng from the tube. In essence, Vhe model treats the

tube as an initiation source of specified energy, with the amount of energy

depending on the tube diameter (E - D3 according to the above model).

Experimentally, the minimum conditions for transmission or, alternatively,

for the formation of spherical detonation, can be identified by reducing te

tube diameter and, hence, the initiation energy to the point where trans-

mission is just possible. A similar philosophy should be valid for cylin-

drical geometry. However, it is the minimum energy per unit length of gap

which is important fur cylindrical initiation, not simply the energy itself.

If it is assumed, as in the work-done model, that a fixed amount of energy

is available from the wave emerging from the tube, we need only to increase

tie plate separation w/D and, thus, decrease the energy per unit gap width

until the minimum conditions for cylindrical initiation are identified.

Having determined the critical set of uoundary conditions, the minimum

radius of a self-sustained cylindrical detonation front can be deduced from.

the smoke records. Following reflection of the diffracted wave from the

front wall, a detonative Hach stein is driven out radially along the wall.

As the Mach stem grows in height, the particles entering it undergo a three-

dimensional expansion. For mixtures less sensitive than the critical one,

the expansion is too severe for the reaction zone to remain coupled with the

shock. The cellular structure seen on the front wall smoke record grows in-

scale with increasing radius and terminates abruptly, despite the successful

foration of numerous reignition centres in the wake of the reflected shock

(see Figure 11.4b, for example). As the mixture sensitivity is increased,
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the detonative Mach stem propagates further before failing. If the miixture

sensitivity is such that the diverging wave can survive the expansion until

such time that it becomes strictly two-dimensional, then propagation appears .

to be guaranteed from that point onward. This occurs when the Mach sLei has

grown to occupy the entire gap width, an event which is synonymous with the

forming of the ring on the back wall smoke record. In this context, we

could interpret the role of the reflected shock as being similar to a high- .

explosive charge during critical initiation; specifically, to maintain tne

detonation until such time that the expansion becomes mild enough for te

wave to sustain itself through chemical heat release alone.

With the present apparatus, it was not possible to use annular spacers

larger than w 1.12D. Consequently, the maximum plate separation wI and

corresponding ring radius R s/X L.uld not be determined directly. Nonethe-

less, one can estimate the minimum ring radius from the available data by

plotting R x against D/w and extrapolating to the case of D/w approaching
,

zero (i.e., to the case of a line source). Such a graph, plotted in Figure

14, shows that as D/w + 0 the ring radius Rs + X a 3.bL c . The same result

could have been obtained more directly from Figure 13 where it is apparent

that (Rs - )/x 6 at criticality for all plate separations. but ds

D/w + U so does R /X so that (Rs - R )/X + R IA 6. Thus, it would appear

that the minimum radius of a self-sustained cylindrical detonation wave is
about 6,x.

The question must be answered as to why a critical condition exists for

each plate separation smaller than the maximum one for which transmission

can occur. This is somewhat puzzling since a smaller plate separation than

the limiting one corresponds to a higher energy per unit gap width if our

assumption regarding a fixed amount of available energy fruo, the tube is

correct. Two possible reasons for this observation come to mind. First,

one might hypothesize that propagation is simply riot possible unless the

separation between plates exceeds 5.7x. Although tnis argument would help

to explain the observation about initiation using flanged electrodes, as

reported by natsui and Lee (1976), it is inconsistent with the results

reported by others. Vasiliev (1982), for example, has recently found tiat
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stable detonation between parallel plates is possible as long as the spaci,ly

between plates exceeds the cell width. The second possibility may lay in

the fact that both enery and power are of importance in initiation phe-

nuaaena (Matsui and Lee, 1976; Lee, 1977). For initiation by electrical

spark, it has been demonstrated that only the energy deposited up to the

time when peak power is achieved is relevant in the forwiation of detonation

(..ee et al., 1974; Knystautas and Lee, 1976). In the present transmission

problem, reinitiation occurs near the edge of the attenuated detonation cure -*

in the wake of the reflected wave. Since the conditions behind a reflected

shock are more elevated than behind the respective incident shock, we could

make the claim that the peak power condition is associated with the reflec-

tion. Once the reflected shock decays (i.e., once the peak power condition

subsides), the remaining available energy is of no consequence in the initi-

ation of the cylindrical detonation.

Spontaneous Reinitiation - the Formation of Spherical Detonation

The ring size data for spontaneous reinitiation shown in Figure 13

indicate that the distance (Rs - R ) is a constant multiple of tne cell

width. Specifically, (Rs - Ro ) 0 1lX, which is in agreement with the value

of lUX noted by Mitrofanov and Soloukhin (195) from open-shutter photo-

graphs of transmission from a two-dimensional channel. This distance is

independent of the relative mixture sensitivity x /x (or equivalently w/x)c
over the entire range since, by definition, the phenomena are not controlled

by interactions between the diffracted wave and the front oundary of the

chamber. The fact that the ring radius is a constant number of cell widths

is the consequence of some intimate relation between the chemical kinetics

of the mixture and the dynamics of the diffracting shock, no doubt a similar

chemical-gasdynamic coupling to the one responsible for the structure of

detonations in the first place.

It has been mentioned that the time required by the wall shock to prop-

agate from the edge of the tube to a radius of R is equal to the su.i of the

reignitlon time plus the sweepback time at the moment the ring is written on

the snoked film. If some assumptions are made about the dynamics of the
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transformation process, it is a simple 'fatter to formulate expressions for

these three time intervals and to work backward, starting with the known

ring radii, in order to evaluate the axial distances from the tuDe exit at

which reignition occurs.

The wall shock will be dealt with first. For the present purpose, its

distance-time trajectory r (t) is assumed to be that which results when a
s

C-J detonation in a circular tube transmits to unreactive mixture in an

unconfined region. This trajectory was calculated (Thibault, 1982) using -

the finite difference flux-corrected transport coruter code developed Uy

Boris et al. (1976). All properties at the exit plane of the tube were

maintained at C-J condition throughout the computation.

In order to calculate the reignition time, an assumption fust be made

about the possible locus of reignition points. In all cases, reignition was

considered to occur along the characteristic defining the head of the expan-

sion; that is, on a conical surface aefining the furthest point of advance

of the rarefaction wave. The angle , describing the cone (see Figure 15) is

tan-' (UcJ + CC-j)/C c..ji where dC J and CCJ are the particle velocity ard

the sonic velocity in the products of a C-J detonation. The timoe for

reignition to occur at a point on this cone is h/VcJ where V is tieC-iC-.
detonation velocity. These assumptions are supported by open-shutter photo-

graphs of detonation diffraction from a two-dimensional channel in low-

pressure oxyacetylene mixtures which show that the core is well described by

the value of * above and that reignition nuclei do indeed forn in the .

proximity of the leading characteristic (Moen et al., 1982). Edwards et al.

(1979, 1981b) have also reported reignition that occurs in the vicinity of -.

,iie head of the expansion. In the critical case, if reignition must take

place before the incoming rarefaction wave arrives at the axis of the tibe

to quench the reaction, the most downstream location of reignition would ue

at h (D/2) tan ,, or about 0.92D for most mixtures. This estimate is

consistent with the observation by Lee and VIatsui (1977) that a spherical

detonation forms at about one tube diameter froi the exit in the critical

case.
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The third and final time interval which must ue evaluted is the sweep-

back time. Two different approaches were taken. These are described

individually below and illustrated in Figure 15. In the first !odel, a

spherical C-J detonation bubble is assumed to expand about the reignition

nucleus, consuming the diffracted wave as it does so. Eventually, it en-

gulfs the entire wave and arrives at the back wall after the wall shock has

propagated to a radius of R . The annular ring is formed where these

independent trajectories intersect. In the second model, the patn of the
transversely propagating detonation wave in the precompressed mixture behind

the diffracted shock is calculated. This detonation is assumed to be moving

in a direction normal to that of the local diffracted front at any point in

time. The two assuiptions which are necessary before a solution is possible

are those relating to (i) the shape of the diffracted shock, and (ii) the

velocity of the transversely propagating detonation. With respect to the

first assumption, the shock at any point in time was considered to be an

elliptical segment with a major radius of Vct and a minor radius of

r(t) + Cct, where r (t) is given by the finite difference calculations

described earlier and Ccjt defines the extent to which the expansion wave

has advanced into the core. Time t is measured from the moment the wave

arrives at the tube exit. Regarding the second assumption, the velocity of

the transversely propagating wave was calculated to be that of a C-J detona-

tion in a mixture already compressed by the diffracted shock. For this

purpose, the local Mach number along the diffracted shock was assumed to

vary linearly between M at the wall and N in the detonation core. Thew C-Jprogram of Gordon and McBride (1976) was used to compute the velocity in the

precompressed mixtures.

A plot of the normalized location of reignition h/X versus the relative

mixture sensitivity x A/ appears in Figure lb. Agreeaent between the

results from the two models described above is good. The data reveal thdt

the location of reignition is a fixed number of cell widths fromu tne tube
exit. Specifically, h 3 11.5x ± 10 . This value is in agreement with that

of iOx reported by Edwards et al. (1979, 1981o) for transmission from a

two-dimensional channel. Further evidence to support this conclusion can be

UNCLASSIFIED

:4



UNCLASSIFIEU 51.

drawn frum the transitional branch of each ring size curve in Figure 1Z. As

noted earlier, this branch links the ring size data for purely spontdneous

reinitiation to those for reinitiation by reflection. Its existence is a

result of the fact that the ring can still be influenced by the plate even

though spontaneous reignition may take place well oefure the plate. The

above described calculations for the trajectory of the transversely

propagating detonation show that it traces out an arclike path (Figure 15b)

which initially heads away from the tube exit before reversing direction and

veering toward the back wall. This trajectory is readily apparent in the

open-shutter photographs of detonation reestablishmient following diffract4on

from a two-dimensional channel. If it is assumed that the plate can no

longer influence the ring once the transversely propagating wave has

reversed direction, the location of reignition is calculated to be at

h 2, 0.8w. These results are included in Figure 16 and are seen to agree

well with those from the calculations involving the ring radius.

Th results presented so far have been arrived at somewhat indirectly

in that they depended on an associated calculation of one sort or another.

A more direct ineans of identifying the location of reignition would be to

observe it on a s-ooked film aligned with the direction of propagation. In

order to achieve this end, tests were conducted in which a thin-walled

hullow cylinder with sharpened leading edges was positioned concentric with

tie tube axis. The cylinder was situated in such a manner that its leading

edge was flush with the exit plane of the tube. As such, when a planar wave

arrived at tne tube exit, part of it was allowed 'o transmit through an

annular opening into the unconfined region, while a circular core of ttne

wave was directed into the cylinder. On a trial and error basis, an initial

pressure was identified for which reignition occurred marginally above the

surface of the cylinder, yielding both the position and the details of reig-

nition on a smoked film wrapped around the outside of the cylinder. This

approach ass:,ies that the gasdynamic field is not altered by the presence of

te cylinder before reignition and that the cylinder provides a reflective

surface which emulates an opposite family of transverse waves. Two

diameters of cylinder d were used. These were 37.0 rn and 5U.9 imi, giving

U
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values for a /U of (.55 and 0.804, respectively. As expected, for high
0

enough mixture sensitivities, where reignition takes place well outside the

cylinder, the observed ring radii were identical to those wleasured in tome

absence of such a cylinder.

A series of smoke records from tests involving the larger cylinder are

shown in Figure 17. Prints appear in order of increasing sensitivity.

Propagation in all cases is from bottom (starting at the exit plane of the

tube) to top. The first record (a), which shows failure of transwission,

exhibits equilibrium cellular structure up to the point where tne rare-

faction wave arrives at the surface of the cylinder (shown as a broken line

calculated from * = 61.30 for this mixture). These cell widths are incluaed

in Figure 8. Beyond this line, the structure increases rapidly in scdle and

terininates abruptly as the reaction is quenched. The second record (b),

corresponding to critical transmission, is similar except that a few points

of reijnition are seen in the middle of the print. These points, labelled

1, 2, and 3, are at distances of 12.2x, 11.6x and 11.4x, respectively, from

the tube exit. Similar results were observed for the smaller cylindr

These data are included in Figure 16. Agreement with calculated values of

h/X is excellent. The third record (c), for supercritical reinitiation,

shows only equilibrium detonation structure since reijnition takes place

well above the cylinder's surface. No evidence of this is apparent on the

s.;ioked film. All of the results shown in Figure 16 reinforce the conclusion

that spontaneous reignition occurs at approximately a fixed number of cell

widthms from the tube exit.

A fiial point of interest is that the cell size approximately doubles

just prior to the birth of new reignition centres in a region of critical

expansion (see Figure 17b). Simiilarly, it can be seen in Figure 11.3b that,

for near critical transinission to cylindrical geometry, the cell size

approximately doubles prior to the wave recovering and establishing itself

as a cylindrically diverging detonation. both observations suggest that

failure under critical conditions occurs over a distance of propagation of

2L . During this interval, the particle r.igrdtes appruximately 2L X C
c c  CC_

or about one cell length aft of the shock since CC<i/V Cij is about a half.
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This suggests that the effective thickness of the three-dimensional cellular

wave front is about one cell length. Another hint that this might be true

can be drawn from the back wall smoke records for the experiments involving

trans ,ission to an unconfined region (see Figure IU, for example). In dll

cases of supercritical reinitiation, the separation between the diffracted

wall shock and the trailing reaction zone increases with radius until it

1 reaches approximately 1.5X, or about one cell length, at which time tie

transversely sweeping reinitiated wave arrives at the back wall. Une

possible interpretation of this observation is that reestablishent of the

wave cannot take place if the reaction zone falls behind the shock by more

than one characteristic chetiical kinetic distance.

2.3.4 Wave Front Curvature as a Means of Quantifying the

Gasdynamic Expansion

The calculations described in the previous subsection model the

diffracted wave as an elliptical segment having a major radius of VC tc and

a inor radius of r(t) + Ccdt. Since rs(t) is slightly less than V-Vcydt

spherical by the time the rarefaction converges on the centre line. In this

context, we could interpret a test to determine the critical conditions for

transmission to an unconfined region as being equivalent to finding the

5 minitaufa radius of curvature for which particles entering a spherical front

can react in time for the coupling between the shock and the reaction zone

to remain intact. Thus, we could conclude that the minimum radius of

curvature for a self-sustained spherical detonation wave is about 11.5x.

- If it is assumed that reignition cannot occur irach later than when the

rarefaction arrives at the tube axis a distance of about 0.920 fron the

exit, as discussed previously, then the critical tube diameter D and tne
C

critical radius of curvature R for a spherically diverging wave are related

by Rs = 11.5x = 0. 9 2 0 c, that is, Dc  12.5x. This may be the very basis of

the 13A correlation.

It is of interest to note that the critical radius of curvature for
spherical expansion (i.e., 11.5x) is about twice that for cylindrical expan-
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sion (i.e., 6k). This may be a consequence of the fact that the rate of

yasdynamic expansion behind the shock is proportional to the rate of growth

of the detonation surface area (i.e., U C-/V c J  constant). For a given

radius, the relative rate of increase of surface area with radius can ue

expressed approximately by the curvature K = A-1dA/dR. For cylindrical

geometry K = 1/R, while for spherical geonetry K = 2/k. In terms of the -

cell dimensions, the critical curvatures for the two geometries are (6X)1

and (5.75x)-1, respectively, according to the present experimental results.

Thus, it would appear that a necessary requirement for successful initiation

of a self-sustained detonation in a given geometry is that conditions be

close to C-J when the wave curvature becomes less than about (6W)-1. Since

smoked films were the major diagnostic tool, there is no way of determining

the corresponding wave velocity at the point where the critical curvature is

realized. Consequently, it is not possible to specify what "close to C-J"

really means. This issue will be addressed in a later chapter.

The curvature criterion is closely related to tne velocity gradient

criterion employed by Edwards et al. (1979, 1981D). An underlying assiip-

tion of the Whitham (1957) shock diffraction theory used by these authors is

that decreases in the iach number of the front are the result of area in-

creases alone (i.e., dI'/dR a OA/dR). The velocity gradient and curvature

concepts are therefore related ways of quantifying the rate of gasdynamic

expansion. Both deal with the rate of growth of the detonation surface

area. As far as the rate of reaction is concerned, both the present study

and that of the above authors appeal to the cellular structure for tne rele-

vant chemical time scale.

2.4 Sumary

The study described in this chapter is concerned with the critical con-
ditions for the trdnsforlation of planar detonation in a circular tube to

cylindrical detonation expanding rddially outward between a pair of parallel
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plates (Figure 6). Low-pressure equimolar oxyacetylene mixtures were used

t'iroughout. Numerous smoke records show that reinitiation of the diffracted -

wave i3 via one of two mechanisms. When the plate separation w is large in 7
comparison with the cell size (i.e., w > 11.bx where X is the cell width),

"spontaneous reinitiation" occurs via the formation of reignition nuclei in -J
the neighbourhood of the head of tie expansion a distance of about 11.5 cell

widths from the tube exit (Figure 9a). This is precisely the mechanism-

responsible fur successful trdnshmission froi a tube to an unconfined region.

Reignition at a fixed number of cell widths from the tube exit (Figure 16)

confirms the similarity of the supercritical reinitiation process for all

mixtures more sensitive than the critical one. In the case of critical

transiission, 11.5x is also the radius of curvature R of the nearly

spherical diffracted wave. If it is assumed that reignition cannot take

place iuch after the incoming rarefaction has converyed on the tube axis (a

distance of U.92U fro.m the tube exit based on equilibrium calculations),

then the critical rddius of curvature and the critical tube diameter Lc arec
related by Rs  11.5x = 0.92Dc, that is, Dc - 12.5X. Thus, it is proposed

that the requirement for the radius of curvature to exceea sose critical

radius in order for te chemical processes to survive the gasdynaic

expansion could be the basis of the 13A correlation.

For plate separations smaller than 1I.5x but greater than 6.7x, "reitli-"

tiation by reflection" occurs when the diffracted wave collides with the

front plate to induce a circular locus of reignition centres near tme plate

in the wake of the reflection (Figure 9b). Measurements froma the smoke

records show that both the reignition and subsequent processes which lead to

the formation of cylindrically diverging detonation are similar for differ-

ent plate spacings, scaling with w/X (Figure 13). The minimum conditions

for the formation of self-sustained cylindrical detonation are shown to be

associated with the largest plate separation w/0 for which successful trans-

mission of this type can occur. The maxiMU plate separation corresponds to

the minimnium linear energy density across the gap if a fixed amount of energy

is available fro, the wave emerging from the tube. Following reflection of

the wave from the plate opposite the tube exit (Figure 9b), a detonative
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cylindrical Mach stein is driven out radially along the plate, but is seen to

decay as the flow expands in both the radial and axial directions. Huwever,

if the lach stein can survive this three-dimensional expansion until it grows

to occupy the entire gap width, at which time the expansion becomes purely

cyl indrical, then propagation is guaranteed froln that point onward. Based

on the smoke record observations, this ainimum radius of curvature for self-

sustained cylindrical detonation appears to be about 6X. For plate spacings

staaller than 5.7x , transmission is not possible. Despite the formation of

nuimerous reignition centres in the wake of the reflected shock (Figure

11.4b), the expansion is too severe behind the cylindrical Mach stem for the

reaction zone to remain coupled with tne shock.

The fact that the critical radius of curvature for a spherically ai-

verging wave is about twice that for a cylindrically diverging wave way be

the consequence of the gasdynamic expansion behind the shock being propor-

tional to the rate of growth of the front, A-IdA/dR. This term represents

tne "curvature" of the detonation surface. It evaluates to 1/R and 2/R for

cylindrical and spherical geometries or, in terms of the cell width X which

characterizes the global rate of reaction, to (6) -1 and (5.75x)-I, respec-

tively. Essentially identical curvatures suggest that the critical condi-I-.

tions for transmission in various geometries may be governed by the same

chemical-gasdynamic copetition occurring within the detonation front.

Finally, sinoke records indicate that both failure of detonation prior

to critical reignition (Figure 17b), and recovery of detonation from near

critical disturbances (Figure 11.3b), are characterized uy a sudden increase

in the cell size by a factor of about two. This observation suggests that

the critical processes are linked to the time it takes the front to propa-

gate about 2Lc. Since a particle migrates rearward of the shock tntrough

about half this distance during the same period, the effective thickness of

r the cellular wave front would ar,ear to be about one cell length.
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3.0 LARGE-SCALE EXPERIMENTS ON THE TRANSMISSION OF PLANAR DETONATION TO

SPHERICAL DETONATION IN ETHYLENE-AIR MIXTURES*

3.1 Introduction

It was proposed in Chapter 2 thdt relations such as the 13X correla-

tion, first proposed by Nitrofanov and Soloukhin (1965), are the result of a

critical balance existing between the rate of gasdynamic expansion and the

rate of chemical reaction. However, the experiments of Chapter 2, as well

as those of most other investigations in which correlations have been

attempted, employed rather sensitive fuel-oxygen mixtures. From the point

of view of accidental scenarios or applications, it is the less sensitive

fuel-air mixtures which are of interest. It is not clear whether correla-

tions of the above mentioned type hold for these mixtures and, if so,

whether the constants of proportionality are the same as for fuel-oxygen

* - mixtures. The work of Strehlow and Engel (1909) shows that the cell size

for highly diluted mixtures appears to be controlled by the induction time

in the relatively low-temperature post-shock gas. For undiluted mixtures,

the induction time is much shorter and the recombination time is thought to

be controlling the cell dimensions. If the nature of the chemical processes

which are a key ingredient in the makeup of the cellular structure changes

with increasing dilution, it is quite conceivable that the 13x correlation

may not hold or may involve d different numerical constant. There is also

some evidence to suggest that the inclusion of nitrogen as a diluent may

result in some degree of chain branching inhibition (Takai et al., 1974)

which is thought to lead to more irregular cellular structure. Edwards et

al. (1981b) have proposed that irregular structure may be the reason why

between 14 and 18 cell widths appear to be necessary for transmission in

some fuel-oxygen mixtures recently investigated. The objective of the

*The bulk of the results presented in this chapter has been published in the

paper "Diffrdction of Detonation from TuDes into a Large Fuel-Air Explosive
Cloud". Proceedings of the Nineteenth Symposium (International) on
Combustion, p. 6J5. The Combustion Institute (1982). Authors: Moen, 1.0.,
Murray, S.B., Ijerketvedt, D., Rinnan, A., Knystautas, R. and Lee, J.H.
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experiments to be described in this chapter is to investigate the validity

of the 13x correlation in ethylene-air iixtures and to gain further insight

into the reinitiation process through photographic means not etployed in the

laboratory study of Chapter 2.

3.2 Experimental Details

,.
Large-scale tests were carried out at the Defence Research Estdblish-

ment Suffield (ORES) in Ralston, Alberta. The field facility was built in

order to carry out both the present experiments and those planned as part of

the ORES research program in this discipline in the foreseeable future. The

design criteria and some of the technical details have been reported both

internally at ORES (e.g., Funk and Murray, 1982) and in the open literature

(e.g., Funk et al., 1982). One such report is included as Appendix A. The

facility is centred around a concrete pad measuring 18.3 m in length by

7.6 m in width. The pad is equipped with a series of steel channels, run-

ning longitudinally from one end to the other, onto which a variety of

apparatus can be fastened. A photograph of the test section used for the

present diffraction experiments appears in Figure 18. The test section

consists of a steel tube of circular cross section connected to a large

"bag" constructed from 3.5 mil (i.e., 0.089 mm) thick polyethylene sheeting.

Tube diameters of 0.31 m, 0.45 m and 0.89 m were employed in the study. The

bag diameters were chosen so that the walls were deemed not to be inter-

fering with the phenomenon under investigation (i.e., transmission to an

unconfined" volume). See the inset table of Figure 18 for the relevant

tube lengtns and bag diameters.

Ethylene (CP grade, 99.5'/ pure C2 I) was chosen as a fuel because it is

a gas at atmospheric conditions and is therefore easy to handle, and because

other detonability data on this system are available. It is also uf a sen-

sitivity which does not require the apparatus to be immense in size. Fuel

was delivered from d relote bunker to the test section via an underground

line. Its flow rate was regulated by a "Matheson" mass flow controller.
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Once introduced into the test volume, the fuel was mixed with initial

ambient air using a multipath recirculation systei driven by a high-capacity

(L) m3 /min) explosion-proof centrifugal blower. The mixture was supplied to

one end of the test section from an underground manifold attached to the

high-pressure side of the blower. It was subsequently returned to a mani-

fold on the low-pressure side of the blower after trdvelling the length of

the test volume. Flexible "dryer hose" was used to connect the test section

to steel headers stemming from the manifolds. Mixing was enhanced by

branching the flow at multiple points on the test section and on the taani-

folds. The bag was kept inflated by pressurizing it slightly with the aid

of the blower. This recirculation system was designed to compensate for

outward leaks by replacing any escaped mixture with an equal volume of air

entrained into the loop at a point on the low-pressure manifold.

The composition and homogeneity of the mixture were monitored through-

out each experiment using a precalibrated "Wilks kliran 80" infrared (IR)

analyzer. Gas samples were drawn from four ports on the apparatus; two on

the tube and two on the bag. These samples were relayed to the bunker

through a series of underground lines using individual noncontamninating

diaphragm pumps. Samples were isolated sequentially in the analyzer test

cell, vented to atnospheric pressure (the pressure at which the IR calibra-

tion was done), tested for IR absorption, and finally routed via a return

line back to the test volume. This entire operation was microprocessor .,

controlled. The analyzer was calibrated under carefully controlled labora-

tory conditions using both industrially prepared gas samples and others

prepared in-house by the method of partial volumes. Infrared absorption

measured in the field was corrected to account for differences between ambi-

ent and calibration gas temperatures and pressures. The above described

sampling and analyzing system was considered adequate to guarantee the comp-

osition and homogeneity of the rixture to within ±0.1% C2 H4 '. A composition-

time history for a representative test is shown in Figure 19. Typically, a

homogeneous mixture was obtained within 5 minutes from the time the fuel

flow was terminated. An additional 30 to 60 minutes were required to con-

verge on the desired fuel concentration. The falling concentration of

ethylene seen in the figure is due to small amounts of mixture leaking out
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of the systeii and being replaced by air. Just before the desirea compo-

sition is reached, a pressure control talve is closed, preventing further

entrainment of air into the loop. Thereafter, the composition levels out as

the bag slowly softens.

An intended backup means of verifying the comosition a posteriori

NP involved bleeding samples off the supply line to the analyzer into flow-

through type gas sampling tubes. The intention was to return these to the

laboratory for either mass spectroscopic or gas chroliatographic analysis.

These efforts proved unsuccessful, however, when it was learned that the

sampling tubes failea to retain a valid sample for more than a few hours.

Once the desired fuel concentration was achieved, the test volume was

*isolated by closing butterfly valves located at each manifold port. After-

ward, both the manifold and the gas anlyzing system were purged with dir to

afford them protection against potential blast damage. Initiation of gas-

eous detonation was achieved by a disc of high-explosive PETN which was

initiated using a standard industrial electric detonator. The PETN disc was

fastened to a plywood end cap covering the ignition end of the tube.

Four diagnostic techniques were employed. A series of eight piezo-

electric pressure transducers (PCG 113A24) were positioned along the tube

and in the vertical members of the bag support frame (see Figure 18).

Pressure-time signatures from the transducers were retained using a high-

speed (-80 kHz) analogue tape recorder (Honeywell 101), and were subse-

quently played back on an ultraviolet oscillograph (Honeywell 1858). Peak

pressures, along with velocities deduced from the elapsed time between

neighbouring transducers, were used to confirm that the wave in the tube was

propagating at equilibrium conditions and, further, to determine success or

failure of transmission from the tube to the bag. Velocities were verified

independently using a 2U-channel ionization-gap probe system and associated

time interval counter manufactured at DRES.

Cinematographic records were obtained with a "Hycam" camera (15,000 -

1,00 half frames per second) looking normal to the direction of propaga-
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tion and a "Fastax" camera (-5,000 full frames per second) lookiny into the

tube exit from approximately 40 ° Lff the axis of propagation. Kodak video

Snews film 7250 (ASA 400 high-speed tungsten 3200 K) was used exclusively.

Both cameras were housed for protection ayainst blast damiage and against tne

, elements. The startup times of the cameras and the tape recorder were syn-

chronized with the firing of the detonator by a DRES-manufacture progrd14-

mable countdown sequencer.

The final means of diagnosis, used to record the cellular structure of

the wave, was smoked metal plates mounted in the tube near the exit to the

bay. Each plate was coated with a thin layer of soot produced by a richly

burning kerosene flame. The principle of this technique is identical to

that involving smoked mylar sheets, as described in Chapter 2, except that

metal plates had to be employed in tests at an initial pressure of one

atmosphere for reasons of survivability. Plate sizes ranged from 20 mm by

360 min to 350 mil by 500 rn.

The experimental procedure was simply to converge on the critical

mixture composition for transmission from each size of tube by a series of
16011"- "NO-GO" tests. Once the critical conditions were identified, addi-

tional tests were carried out with diminishing amounts of PETN to ensure

that the initiation charge was not influencing the transmission phenottienon.

Photographs showing various experimental details appear in Figure 20.

A total of 21 experiments were conducted.

3.3 Experimental Results and Discussion

3.3.1 High-Speed Cinematography of the Diffraction Phenomenon

Selected frames from a high-speed cinematographic record, showing

successful but near critical transmission of detonation from the 0.89 in,

diameter tube to a large 1.7b m diameter bag simulating an unconfined

region, are shown ii Figure 21. The direction of propagation is from rivht
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to left and approximately noraial to the line of sight of the camdrd. In

frame 1, the planar detonation wave can be seen just as it emerges frow the

tube. Frame 2 shows the shrinking detonation core and a distinct curvature

of the front as the rarefaction originating at the tuoe exit converges on

the axis, quenching the detonation in its wake. For the mixtures used in

the present experiments, equilibrium calculations show that the rarefaction

arrives at the axis after the front has moved a distance of O.90D downstream

of the exit. Recall this distance compares quite closely to that of U.921.

for the low-pressure oxyacetylene mixtures used in the laboratory study.

Unless reignition occurs in the preheated gas behind the frontal shock soile-

where in this vicinity, the wave fails and the remaining cumbustibl mixture

in the bag is consuied by a deflagration. In the sequence of Figure 21,

reignition behind an almost spherical diffracted front is seen to occur at a

nucleus near the axis (frame 3) at precisely this streamrwise location. The

subsequent formation of detonation bubbles which sweep transversely through

the preconditioned oixture behind the diffracted shock can be seen in frames ~.~.
4 through 6. The two curved luminous tails which appear to be extending to
the rear of the front in fraae 5 are, in fact, a pair of tangentially sweep-

ing waves approaching one another. The collision between these waves is

apparent in frame 6. The final two frames of the sequence show a fully

reestablished detonation in the bag. Asymmetry of the reinitiation process

is likely due to vertical temperature gradients in the tube and the bag

which alter both the local sonic velocity and the mixture sensitivity.

Figure 22 shows a similar high-speed cinematographic sequence involving

a mixture more sensitive than the critical one. In this supercritical case,

reignition nuclei materialize much closer to the tube exit and at several -.

random locations near the edge of the shrinking detonation core. The

sequences shown in Figures 21 and 22 provide support for the description of

the reestablishment process deduced from the smoke records obtained in the

laboratory study (Chapter 2). They are also consistent with the Schlieren

and smoke-record observations of diffraction in fuel-oxygen mixtures in a

narrow chamber (Edwards et al., 1979, 1981b).
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3.3.2 Critical Tube Diameter Measurements

In spite of the apparent randomness in the appearance of the reignition
centres, the critical mixture composition for transmission from a given tube
is 4ell defined provided i) the wave emerging from the tube is no longer
influenced by the energy from the initiating charge, and ii) the plastic ba

is sufficiently large so as not to influence the transmission process. In
the present tests, care was taken to ensure that an equilibruia planar wave
had been established and that the PETN charge did not influence the critical

fuel-air composition. This was accomplished by varying the charge mass once
the critical fuel concentration had been identified and by carefully moni-

toring both tne pressure and velocity of the wave in the tube. In order to

ensure that wave interactions with the plastic bag were noL responsible for

successful reinitiation, tests were performed using different sizes of bags.
See the inset table of Figure 18.

The results fro the critical tube experiments are summarized in Figure
23 where the outcome of tests with different diameter tubes is shown as a

function of ethylene concentration by volume. Open symbols signify "GO" or
successful reinitiation, while shaded symbols denote "NO-GO" or failure to
transmit. In only one instance was is suspected, through close examination

of film records, that the plastic bag walls may have been instrEldental in
aiding the transmission. The apparent "GO" result from this test (U.45 m

diameter tube and U.89 in diameter bag at 6.3% C2 H 4 ) has been discounted.
Included in the figure are results from similar field tests carried out by

Moen et al. (1983) at ORES and by Jenssen (1983) at Raufoss, Norway using

tabes of 1.83 in diameter and 0.35 m diameter, respectively. Also incluced

on the graph is a point at stoichiorietric composition obtained by Knystautas
-, et al. (1982) by extrapolating laboratory results for oxygen-enriched mix-

tures (0.375 . 3 where is nitrogen-to-oxygen volume ratio) to the

dilution corresponding to air; that is, to a = 3.76. This result lays con-
siderably below those from the three sets of field tests. However, the
discrepancy can easily be accounted for by what appears to be a rather
arbitrary extrapolation of the curve through the data at low values of $.
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" It is importdnt to note that no detonation reeStdblishmient WdS observed with

a U.31 in diameter tube up to an ethylene concentration of 1U.b%. Since it

Uis very unlikely that reinitiation would occur in richer, less sensitive

mixtures, we can conclude that the critical tube diameter is larger than

0.31 m for all C H 4-air mixtures.

The solid line through the data is a correlation assuning the variation

of critical tube diameter D ' over the range of corposition to be describedc

by a standard induction-zone length formla of the form:

Dc = kus 102 a tCAH4 ] b exp(E/RT), (3-I)

where c is in neters and us, [0j, tC2Hi and T are the post-shock rela-

tive particle velocity (m/s), the oxygen and ethylene concentrations

(roles/l) and the tenerature (K) behind d shock propagating at the C-J,

velocity of the respective ethylene-air mixture. These properties are

calculated using the Gordon and McBride (1976) computer program assuiing

frozen chemistry and vibrationally-relaxed equilibrium conditions. The

exponents a and b are taken from the proposed induction-time formula of

Hidaka et al. (1974), but tne pre-exponential factor k and the effective

activation energy E are obtained by a two-parameter fit to the data from the

three sets of field tests. The fit gives an effective activation energy of

37.2 kcal/mole which is considerably higher than the value of Z7.5 kcal/mole

reported by Hidaka et al. for the induction time. This suggests that fac-

tors in addition to the chemical induction time play a role in determining

the detonation sensitivity of the mixture. Such factors are probably

-reldted to the three-dimensional structure of the wave.

3.3.3 Cell Width Measurements

A plot of cell widtn versus mixture comnposi tion appears in Figure 24.

In the same2 manner as descrioed in Chapter 2, cell sizes were determined by

averaging individual cell widths or by identifying dominant diagonal banus

of cells. The latter method coul J only be used occasionally with tne field
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test data due to the relatively sinal1 size of sioked plates employed for

prdctical reasons. Oscillations on the pressure-time signatures wee als,

I used tu estimate the transverse wave spacing. An interesting observation is

that the width of the longitudinal plastic strips produced by a detonation

in the bag is approximately equal to the cell width. A photograph illus-

trating the phenomenon is shown in Figure 25. These strips are thought to

be produced by the piercing action of the triple points, followed by longi-

tudinal shearing of the plastic wdll material. This observation proved to

be useful as a quick preliminary diagnostic tool since strips did not furill

in cases where transmission was unsuccessful. Also shown on the graph in

Figure 24 are the cell size data reported uy Borisov (1980), Bull et al.

(1982), Knystautas et al. (1982, 1983) and Moen et al. (1981, 1983). The

present results are in fair agreement with other measurements, although

there is significant scatter in the data.

3.3.4 The 13x Correlation - Difficulty Interpreting the Smoke Records

The solid line on the graph (Figure 24) corresponds to D c/13 with Dc as

function of %C2 H4 described by the curve shown in Figure 23. The dashed

line in the figure has been obtained from a two-parameter fit to the cell

width data assuming the variation of X with %C2 H to conformi with a standard

induction-zone length formula similar to that given by Equation (3-1).

Around stoichiometric composition (i.e., 6.54% C2 H4), the solid line over-

predicts the cell size by about 15%, which is an acceptable discrepancy

considering the scatter associated with cell measurements. However, at tne

lean end of the curves (i.e., around 4,4 C2 H, the measured cell width is

about half that predicted by U /13 from the critical tube diameter data.c
The reason for this may be related to the difficulty in interpreting the

smoke records. A photograph of one of the larger smoke records, together

with a sketch illustrating the author's interpretation of the record,

appears in Figure 26. The solid lines on the sketch denote what the author

considers to be proper cell boundaries, while the dashed lines are intended

to signify substructure. It is readily apparent from the figure that the

interpretation of smoke records produced by fuel-air detonations at atmos-

pheric pressure is very subjective. The difficulty is further increased by
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the relatively small size of the smoked plates employed in the field tests j
for practical reasons. This precludes the identification of dominant di-

agonal bands consisting of inure than three or four cells. As well, the cost

of carrying out large-scale tests ioes not periit several experiments to be

performed for a particular mixture composition as can oe done in a labo-a-

tory environment.

The difficulty in interpreting the cellular structure is further efipha-

sized by the comparison between the atmospheric fuel-air and low-pressure

fuel-oxygen sioke records shown in Figure 27. It is not clear why the sub-

structure appears to be much more dominant for the fuel-air detonation. One

explanation is that the mechanics of writing on the smoked surface may

simply be different at atnospheric and at low pressures. It is possible

that at low pressures the substructure is not capable of eroding soot from

the smoked plate, whereas at atuospheric pressure the threshold of "erosion

ability" is exceeded by the substructure. Although a detailed investigation

was nut carried out, there is also some evidence from the plastic bag strips

to support the notion of a threshold in erosion ability. It was observed

that, for a given mixture, smaller strips were generally formed when a 1 mil

thick polyethylene material was used in lieu of a heavier wall. That is, a

threshold in "piercing ability" of the substructure was detected. In fact,

the bag strip method for medsuring cell widths was, for the most part,

U abandoned when bags manufactured from 1 mil thick wall material were

emp I oy e d.

Moen et al. (1983) provide an alternative explanation for why the sub-

Nstructure appears to be more dominant on smoke records froa fuel-air

detonations. These authors suggest that as the mixture is made less sensi-

tive (i.e., as the cells are made larger) the cellular structure becul|es

increasingly unstable. It is thought that stability of the front may be

maintained tirough a process in which the substructure becomes more and more

intense, thus iaking identification of the controlling mode very difficult.

Since there is already some evidence to indicate that primary transverse

waves become stronger as the detonation becomes iaryinal (Edwards et al.,

197U; Strehlow and Cruoker, 1974), it is conceivable that the transverse
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waves associated with higher modes (i.e., substructure) could also increase

in strength, perhaps becoming more capable of writing on the smoked surface.

An observation which does not lend support to this philosophy is that no

apparent trend of increasing substructure dominance with decreasiny oixture

sensitivity could be detected frum the smoke records. At least visually,

all of the records from tile ethylene-air tests appear to exhibit about equal

presence of secondary structure.

In accordance with the above arguments, it is quite possible that the

substructure may have been mistakenly identified as primary structure for

lean ethylene-air compositions, resulting in the cell width data falling

short of the D /13 line by a factor of about two at the lean ena of the

curves. Note that the cell size data of Knystautas et al. (1982, 1983),

obtained from numerous experiments under laboratory conditions in tuoes up

to 300 miml in diameter, are in somewhat better agreement with the prediction.

If the data of these authors are increased by an additional 10% to account

for the difference in ambient pressures at DRES and at McGill, agreement

between their data and the prediction is fair. Thus, the possibility that

the 13x correlation is valid for ethylene-air mixtures covering a wide range

of off-stoichiometric compositions cannot be ruled out.

Similar critical tube experiments by Moen et al. (1983) using

acetylene-, ethylene-, ethane- and propane-air systems showed that, at

stoichiometric composition, 0 x varied between 11.7 (acetylene-air) andc
15.4 (ethylene-air) . For off-stoichioiiketric acetylene-air compositions, the

correlation was seen to hold over a wide range of sensitivity. In the case

of lean propane-air mixtures, the ratio 0 cx was seen to depart considerably

fro 13 as fur lean ethylene-air aixtures, but in this instance was less

than 13 by a factor of about two, suggesting that twice the controlling cell

size ,,ay have been measured. In other words, the primary structure mAdy have

been mistaken for secondary structure. The recent large-scale test results

reported by Guirao et al. (1982) using hydrogen-air mixtures and tubes up

to 1.21 in in diameter also confirm that the correlation is valid over a wi.ie

range of sensitivity. It is quite possible that Benedick et al. (1983) have

fallen victim to a similar interpretation error in their recent experitients

UNCLASSIFIED
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to determine the critical conditions for transmission from a two-dimensional

slit to an unconfined region. Although it was originally concluded that the

critical channel width W was about three cell widtns for detonations inc
H2-air and C H4-air mixtures, these authors now suspect that the priliary

structure nay have been mistaken as substructure, and that the critical

channel width is more likely about 6x. Judging frun all of the availaole -

data, the 13x correlation linking the cell width and tne critical tube

diameter probably holds for fuel-air mixtures as 4ell as it does for fuel-

oxygen mixtures, provided the cellular structure is properly interpreted.

3.4 Summary

Large-scale tests on the transmission of planar detonation froi circu- -_-

lar tubes of 0.31 11, 0.45 in and U.89 in diameter to spherical detonation in

large plastic bays simulating an unconfined environnent (Figure 18) have

shown that critical reignition of the diffracted wave occurs near the tube

axis at about the location where the rarefaction has penetrated the entire

detonation core (Figure 21). High-speed cinematographic records confirm

that the details of the reignition and subsequent processes by which thme

wave becomes globally reestablished are as proposed in Chapter 2, based or'

snoke-record observations of low-pressure fuel-oxygen detonations.

The variation of the critical tube diameter Dc with mixture coiposition

deterynined in the present experiments (Figure 23) is consistent with tie

data of both Moen et al. (1983) for a 1.83 in diameter tube and Jenssen

(1983) for a 0.35 m diameter tube. It was also found that transmission from.

a tube of 0.3i m diimeter is not possible for any ethylene-air mixture.

The cell widtns x obtained in tie present tests (Pigure 24) show that

tie 13x correlation linking D and X, as first proposed by Mitrofanov and

Soloukhin (1965) for fuel-oxygen systems, is approximately valid fir

ethylene-air mixtures near stoichiometric conmposition. When the cell width

inferred frui Dc/13 is compared with that fro, a least-squares fit to the

cell size data, the former is found to exceed the latter by only 1st.. This

UNCLASSIFIED
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difference is less than the scatter associated with the cell width i.ieasure-

ments. For lean coipositions (i.e., - 4 C2H4) , the same comparison reveals

a discrepancy of about IUO,. That is, the D c/13 line overpredicts the cell

width oy L factor of about two. It is quite pussiole that this is tne
result of having mistakenly identified the substructure as tne controlling

primary structure, bearing in mind the relatively sinall size of the sumoked

plates used in the field tests and the difficulty in discriminating between

the substructure and the primary structure on smoke records produced by

fiel-air detonations at atmospheric pressure (Figure 2b). This claim is

supported by the fact that, when the independent cell width measurements of

Knystautas et al. (1982, 1983) are used in conjunction with the present

critical tube diameters, the correlation is fair over the entire range of

composition for which data are available.

Similar difficulties in interpreting the s:ioke records for lean

propane-air detonations were encountered by Moen et al. (1983), but these

authors may have identified the primary structure as substructure. Like-

wise, Benedick et al. (1983) may have incorrectly interpreted the structure

i produced by H2 -air and C2 H4-air detonations in their experiments on the

transmnission from a two-dimensional channel to an unconfined space. Conse-

quently, great care must be exercised in the interpretation of smoke records

appropriate to fuel-air mixtures. Judging from the present resuits, tnose

of Guirao et al. (1982) for hydrogen-air mixtures, and those of Moen et al.

(1983) for acetylene-, ethylene-, ethane- and propane-air mixtures, the 13A

correlation is likely valid for the less sensitive fuel-air mixtures. Thus,

the nature of the cri tical bal ance between the global rate of chemiicai redc-

tion and the rate of gasdynamic expansion, proposed in Chapter 2 to be

associated with a spherical wave having a radius of about 11.5x, appears to

be the same for fuel-oxyyen and fuel-air detonations.
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4.0 THE INFLUENCE OF YIELDING CONFINEMENT ON LARGE-SCALE

ETHYLENE-AIR DETONATIONS*

4.1 Introduction

In the previous two chapters, the critical conditions for transmission

of detonation froin one geometry to another were investigated. It was

proposed that the critical condition in all cases was dictated by the same

balance between the rate of gasdynamic expansion and the rate at which the

reaction progresses in the cellular detonation front. This balance was

expressed in terms of the ratio between the wave front curvature, which

characterizes the rate of growth of the front (i.e , the gasdynamic

expansion), and the cell size which characterizes the global reaction rate.

a. A major diagnostic tool in these studies was the smoked surface which

records the time-integrated history of triple-point motion at the front.

Smoke records, however, provide no direct information about the history of

the particles after they have entered the diverging front. Thus, the

details of the expansion are not revealed. A configuration which is ideal

for the study of the post-shock reacting flow is one involving the

propagation of a wave in a tube having walls which yield under the influence

of the high detonation pressure. Such a configuration has many advantages.

First, the severity of the expansion can be regulated by varying the

confining wall density and, hence, its acceleration under the influence of

the gases inside the tube. Second the trajectory of the wall should be
readily visible. Therefore, the expansion of the post-shock "stream tube"

should be easy to quantify. Finally, in contrast to trtainmission problems,

the global flow aft of the frontal shock is steady to an observer sitting on

the shock, provided the tube is of constant cross section. This facilitates

easy diagnosis and analysis. It is, of course, recognized that the flow is

*The material described in this chapter has been presented at dnd accepted

for publication under the same title in the proceedings of the Ninth
International Colloquium on Dynamics of Explosions and Reactive Systems,
held in Poitiers, France, July 1983. Authors: Murray, S.B. and Lee, J.H.
Preliminary results were presented at the Spring Technical Meeting of the
Combustion Institute (Canadian Section), held in Banff, Canada, May 1982.
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locally three-dimensional and nonsteady. By "globally steady" it is ileliat

that the time-averaged quantities at a specified location relative to the

shock are constant. This approach is akin to the use of mean properties in

the analysis of turbulent flow.

Investigations involving the interaction between gaseous detonation and

yielding boundaries have been carried out by many researchers, but none have

had the present purpose in mind. Sommers (1961) employed a cellophane wrap

to separate an explosive mixture froi1i a higher density confining inert gas

but (wrongly) concluded that the presence of any solid boundary, no waatter

what its thickness, provides "infinite" confinement to detonations. Later,

Dabora and colleagues (1963, 1965), realizing that this was not the case,

calculated the thickness of, and manufactured thin membranes for the purpose

do of separating the explosive and boundary gases. However, these authors were

specifically interested in the thickness of membranes which would not influ-

ence the post-shock expansion. Their objective was strictly to minimize

diffusion at the explosive/inert interface. Vasiliev et al. (1972) have

used cellophane tubes in an effort to identify the location of the sonic

plane. More recently, the French have employed yielding tubes in shock and A
detonation studies, but they were more concerned with the dynamic response
of the wall material (Brossard and Charpentier, 1976; Brossard and Renard,

1981; Aminallah, 1982). Bazhenova et al. (1981) have employed a variety of

plastic detonation tubes in their study of heat transfer and boundary layer

effects in the wake of tie wave. Tarasenko (1974a, 1974b) has investigated

the motion of metal walls confining high-explosive cylindrical charges and

tne influence of this motion on the rate of reaction. However, this author

hds not drawn quantitative conclusions due to the lack of knowledge about

the thermodynamic properties, the rate of reaction and the equation of state

for solid-phase explosives.

This chapter reports on the results of a large-scale study on the

'-I. transmission of ethylene-air detonations from a rigid tube to a series of

. yielding polyethylene tubes of various wall thickness. Reinitiation of the

wave exiting the rigid tube is seen to occur via the formation of reignition

nuclei in the vicinity of the yielding tube wall. By calculating the tnotion
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of the wall and making appropriate assumptions about the form of the kinetic

rate equation and about the stability of detonation, it has been possible to

identify the magnitude of the controlling chemical kinetic length in

detonative propagation. The critical conditions for transmission appear to

correlate well with the fractional increase in the area of a stream tube of

particles entering the front, where such increase is evaluated over the

proposed controlling chemical length.

4.2 Experimental Details

The yielding wall tests were carried out using the same large-scale

facility in which the critical tube diameter tests were conducted, but with

minor changes. A photograph of the test section is shown in Figure 28. It

consists of a round steel tube 7.82 m in length and U.89 mi in diameter,

connected to one of several seamless, extruded, polyethylene tubes of tie

same diameter and about 10 m long. Tubes with three nominal wall thick-

nesses were investigated (1, 5 and 10 mil where a mil is 0.0254 mm). The

corresponding measured area densities are given in Table I. These poly-

ethylene tubes were supported by steel hoops 1.5 m apart. Ethylene gas (CP

grade, 99.5% pure C H ) was again used as a test fuel. Particular care was

exercised in calibrating the infrared analyzer and in monitoring the fuel

concentration in this series of experiments so that the error was less than

±0.05% C H..

In some of the tests, direct initiation of detonation at the ignition

end of the tube was achieved using high-explosive PETN charges mounted on a

plywood backing. In other tests, a sensitive slug of detonable mixture was

used instead of a high-explosive charge. This slug was created by flowing

oxygen and acetylene into a 0.89 m diameter plastic liner 1.5 m long, as

shown in Figure 29. The sensitive mixture was separated from the test gds

by a 1 mil thick polyethylene diaphragm placed over the end of the tube.

Spark ignition of the sensitive mixture led to a detonation wave which, in

turn, initiated detonation of the test mixture upon passing through the

diaphragm.

i-f-

UNCLASSIFIEU

.. .. .i l i * i Si i .i * . .--



UNCLASSI F I ED 73.

As in the large-scale ditfraction experiments, both piezoelectric

pressure transducers (PCB 113A24) and ionization-gap probes were positioned

along the tube. Probes were also mounted in each of the bag support hoops

(see Figure 28) so that the detonation pressure and velocity could be i.,ea-

sured in the yielding tube. The support hoops were made as small as

possible to minimize their influence on the wave propagation. In addition
to the two cameras employed in the critical tube diameter tests, a

ruggedized "Fastax" (-5,000 fraines per second) camera was mounted in a

protective shelter (Figure 29) at the downstream end of the yielding tube

so that it was looking through a plexiglass window along the axis of prop-

agation. Also housed in the shelter was a microwave Doppler systeii (10.25

GHz) which was used in an effort to measure the velocity history of the

ionized reaction front. It proved to be impractical in the present tests

because the motion of other objects such as the yielding walls, the poly-

ethylene diaphragm and the plywood end cap resulted in a signal which was

difficult to interpret. Finally, 350 mm by 500 mm smoked plates were

mounted near the exit end of the rigid tube in order to record the equili-

brium cellular structure representative of the mixture.

A total of 17 tests were carried out.

4.3 Experimental Results and Discussion

4.3.1 Cell Width Measurements

All detonation velocities and pressures in the steel tube were within

+54 of the corresponding C-J values, confirming that equilibrili propa-

gation was established prior to the wave encountering the change in

boundary conditions. Equilibrium propagation was further confirmied fru, i

smoke records. Cell measurements from these experiments are included

along with those from the critical tube diameter tests in the graph of

Figure 24. The same means of collection and interpretation of cell size

data as described in Chapter 3 were applied. Most of the data from plas-

tic strips shown in Figure 24 were obtained from the yielding tube tests

since transmission from a rigid tube to a yielding tube of the same dia-

.r
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meter appeared to produce more uniform strips. A discussion about the

difficulty in measuring cells appropriate to fuel-air detonations ihas

already been presented in the previous chapter and will not be reiterated
here. For the purpose of the correlations carried out in this chapter,

-. the Dc/1 3 line shown in Figure 24 will be assumed to describe the vari-

ation of the cell width with fuel concentration. Up to this point in the

thesis, when the cell length Lc has been required in an analysis, the

cell width-to-length ratio of 0.6 generally cited in the literature (e.g.,
Strehlow, 1970; Lee and Ramamurthi, 1976) has been used. However, the
collection of measured aspect ratios presented in Figure 30 show that a

higher value (- 0.7 - 0.8) appears to be more appropriate for the ethylene-

air system at atmospheric pressure. This observation is in agreement with

the recent one by Bull et al. (1982) for stoichiometric hydrogen-air and

acetylene-air mixtures, also at atmospheric pressure. In both cases, an

aspect ratio near 0.7 was found to be appropriate. Consequently, in any

future correlations applicable to fuel-air mixtures, the value of .7 will

be used.

4.3.2 High-Speed Cinematography of the Transmission and

Propagation Phenomena

The contributions of this study centre around high-speed cinema-

tographic records of detonation in the yielding tube which show the exis-

tence of a transient reinitiation phase followed by a steady propagation

phase. These are discussed in detail below.

- The Transient Reinitiation Phase

When the wave first emerges from the rigid tube, the head of the expan-

'. sion propagates inward at sonic velocity CCJ in the burned gases. This is

felt over the entire front before it has moved a distance of about

VCJR/CcJ from the exit, where R is the tube radius. Since a typical value

for VCj/CcJ from equilibrium calculations is approximately 2, the distance

in question is about one tube diameter. If the detunation wave does not act
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to overcome the disturbance before travelling a distance of this order, it

will be quenched. In the diffraction study, it was seen that, for trans-

mission to an unconfined region, reinitiation occurs via the formation of

reignition nuclei or "hot spots" near the edge of the detonation core.

These evolve into expanding "detonation bubbles" which eventually coalesce

to form a spherically diverging wave. Transmission of this type was found

to be possible from the O.89 toi diameter tube for an ethylene concentration

of 5.054, corresponding to a cell width X of about 68 mi. For transmission

to a yielding tube, the gasdynamic gradients are milder so that reinitiation

should be possible for less sensitive mixtures (i.e., x s/X r 1) than that

required for transmission to an unconfined medium. This is confirmed by the

high-speed cinematographic records. A sequence froi one such record is

shown in Figure 31. In this case, transmission to a yielding tube having a

10 mil wall thickness is seen to be successful for a C2 H4 concentration of

only 4.15%; thdt is, for a relative sensitivity x s/A of only 0.41. In fact,

there is no obvious reinitiation mechanism apparent in this sequence,

indicating that conditions are well removed from criticality.

A distinct reinitiation mechanisn is observed as the confinement is

reduced or as the mixture is made less sensitive. Figure 32 shows a

similar sequence of frames for transmission to a tube having a 5 rail wall

thickness (x s/x = 0.49). The events in the sequence will be described with

the aid of the schelatic diagrams shown in Figure 33. The first frame shows

the planar wave (P) just prior to exiting the rigid tube. In the secona

frame, a dark annular band (A) surrounding a luninous unattenuated circular

core (C) is apparent. The inner boundary of the band marks the location of

the head of the expansion (H) as it advances radially inward. A ring of

l,iiinous patches (L), bounded on the outside by the yielding wall and on tie

inside by the dark band, is seen to have formed in the wake of the

expansion, indicating that a reinitiated wave has evolved from a locus of

reignition centres (R) near the tube wall.

By the third frame of Figure 32, the renewed annular aetonation has

expanded transversely (T) inward, converging on the tube axis. The final

frame shows a reestablished, more or less planar wave. This inode of super-
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critical reinitiation is similar to that for transnission to an unconfined

volume in that the nunber of reignition centres increases, while their luca-

tion moves toward the tube exit as the mixture is made more sensitive.

Reignition near the boundary may be due to several factors. First, it

may be induced by reflection of transverse wave renndnts from the wall.

. Second, a thicker layer of shocked but unreacted gas exists near the wall

since the expansion is initially most severe there. Thus, a minfinula volum.e

prerequisite for reignition is miiore likely to be satisfied. Third, a higher

temperature may exist near the wall due to the presence of "X"-shaped com,-
- pression waves behind the curved shock front (Fay and Opel, 1958; Edwards et

al. , 193). Finally, small ripples or other irregularities in the poly-

ethylene surface may give rise to localized shock reflections and thus hot

spots.

Critical transission to a yielding tube having a I mil wall thickness

(Xs = 0.76) is shown in the film sequence of Figure 34. In the first
s

fraoe, a locus of reignition centres can be seen along part of the periphery

of the tube. A small circular core of unattenuated planar wave can also be

seen, although much of it is obscured by light emitting from the tube. In

the second frame, a pair of circumferentially sweeping detonation waves has

formed in the preheated gas behind the frontal shock. The rarefaction has

also arrived at the axis so that a luminous central core is no longer visi-

ble. By the third frame, the reinitiated waves have swept over three

quarters of the cross section but have fallen behind the front. Following

the collision between these waves (Frame 4), the resulting overdriven

detonation quickly catches up to the front to complete the reestablishment

process. An end-on view showing the collision between two such sweeping -t

waves appears in Figure 35. As in the supercritical case, there are simi-

larities between this type of critical reinitiation and that observed fur

transinission to an unconfined region. As criticality is approached, for

example, reignition occurs at fewer randon and isolated locations. Another

similarity is the formation of transversely sweeping waves which eventually

engulf the decoupled front.

U
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A side-on view of the above described critical reinitiation sequence,

but at a much higher framing rate of approximately 18,00 frames per second,

is shown in Figure 36. From this angle, it is apparent that the wave begins

to curve upon entering the yielding tube. The curvature process begins at

the edge and progresses inward. A similar observation was noted by Somlers

and Morrison (1962) for the case of an oxyhydrogen detonation emerging fro,i

a confined channel into a column of detonable gas bounded by an inert gas.

The trend of increasing curvature reverses in about the ninth frame of tne

sequence in which it is evident that the two reinitiated waves at the top

and bottom of the tube are sweeping circumferentially toward one another arid

toward the camera. The collision between these waves occurs in the fif-

teenth frame, after which the resulting overdriven wave in the precon-

ditioned mixture catches up to and coalesces with the front. The catch-up

phase is complete by about the thirtieth frame.

Histories of the centreline axial velocity and global radius of curva-

ture of the luminous reaction front, obtained from the cinematographic

record, are shown in Figure 37. Measurements were taken with the aid of a

"Telecomputing Corporation TELEREADEX" film reader. Errors in velocity are

due strictly to the difficulty in resolving the so.newhat fuzzy outline of

" the front. Errors in the radius of curvature are due more to the subjec-

tiveness in selecting a radius which best describes the mean curvature.

Repeated measurements indicated a ±1U% variation to be typical. Initially,

both the velocity and the radius of curvature decrease. These parameters

approach a local minimum at about the time reignition nuclei are first

observed. The subsequent sweeping of the reinitiated waves is acco,,mpanied

by an increase in the radius of curvature and an approximately steady axial

velocity. Such behavior is reminiscent of the so-called "quasi steady

regime" observed in studies on direct initiation (e.g., Bach et al., 1969;

Edwards et al., 1978). During the catch-up period which follows, the

reaction front is asymmetrical and discontinuous, rendering .curvature

measurements unreliable. The velocity profile exhibits regular oscillations

which dampen out as the reinitiated wave coalesces with the original front.
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Similar oscillations have been noted in the high-explosive initiation

studies by bull et al. (1978) for ethyleoe-air mixtures and by Elsworth et

al. (1983) for CLH6-O.-N2 mixtures. The former authors have proposed tnat

these "gallops" are indicative of the reaction zone attempting to couple

with the shock front. The explanation provided by Ul'yanitskii (1980) ilay

provide more insight into the phenomenon. This author claims that a "flash"

can occur in the induction region between a shock wave and a decoupled

reaction zone, leading to an overdriven detonation wave which catches up to

the shock and drives it ahead. Perhaps it is possible that recoupling does

not succeed on the first gallop and that subsequent attempts take place.

This would explaii the existence of several cycles.

If the velocity oscillations observed in the present tests are due to

the above described mechanisn, it should be possible to estimate the

location behind the shock at which reinitiation occurs. For this purpose,

the minimum of each velocity oscillation is assumed to correspond to the

instant at which flashing occurs. The crest of each oscillation is assumed

to be related to the period when recoupling is momentarily successful, prior

to the reaction zone dropping back of the shock again. If the reinitiated -.

wave in the decoupled region is considered to travel at the C-J velocity in

the oncoming precompressed mixture, a simple calculation reveals that

reignition occurs at a distance of 1.3L behind the shock. This observa-

tion is consistent with an earlier one in Chapter 2. Recall that the

distance between the diffracted wall shock and decoupled reaction zone was

always about one cell length at the moment the transversely sweeping reini-

tiated detonation wave arived at the back wall following spontaneous

reinitiation. An interpretation of this observation was that reestablish-

ment of the wave could not take place if the reaction zone fell behind the

shock by more than one characteristic chemical kinetic distance.

The radius of curvature at which reignition occurs in the present tests

(i e., 5L c ) is somewhat sioaIler than that observed in the case of

transmission to an unconfined volume. One reason for this may be that the

reaction front is more curved than the shock front due to more extensive

shock/reaction zone decoupling near tne edge of the yielding tube. Another
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reason, in accordance with earlier discussion, may be that a favourdble

local perturbation exists in the vicini-ty of the tube wall. In fact, tre

cinematographic sequence of Figure 38, showing unsuccessful transmission,

suggests that reignition would have taken place centrally and at a larger

radius had such a perturbation been absent. In the second frame of the

sequence, a ring of reignition nuclei are seen in the neighbourhood of the

wall. However, by the third frame, these begin to diminish in luminosity as

a second group of nuclei evolve near the axis where the gasdynainic gradients

are milder. but these fade away as did the first nuclei. This cinema-

tographic sequence suggests that, in cases of successful transmission, the

usual spontaneous mode of reinitiation would probably occur at the expected

critical spherical radius if the formaation of reignition nuclei around ttie

periphery could somehosi be suppressed.

The critical conditions for t!ansrissior, under various degrees of

confineent are summarized in Figure 39 and in Table I. The case of trans-

mission to an unconfined region is included for coiiarison. The dashed

curve in Figure 39 will be discussed in a later subsection. The cell widtkis

in Table I are based on the Dc/1 3 line shown in Figure 24.

The Steady Propagation Phase

Velocity and pressure measurements confirm that propagation following

reestablishment is steady at near C-J conditions as long as the mixture is

considerably more sensitive than the critical one. The front is s'ightly

curved and exhibits no time-averaged changes in either the luminosity ur

the scale of the cellular structure. Well above criticality, propagation is

uninfluenced by the support hoops. However, as the wixture sensitivity for

critical transmission is approached, the reestablished wave becomes very

sensitive to perturbations such as the hoops. Figure 4U (a later continu-

ation of the sequence shown in Figure 34) shows a wave encountering a hoop

3.4 tube diameters from the exit. Quenching is seen to occur around tile

periphery, followed by the formation of reignition nuclei which evolve into

a renewed detonation front, in exactly the same Manner as observed during

transmission. This perturbation/recovery sequence repeats itself at each
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hoop. It would appear that recovery fro a noncritical perturbation is

identical to supercritical reinitiation during transinission. Therefore, it

is likely that recovery from a critical perturbation is identical to criLi-

cal reinitiation during transmission. In this context, a test for criticdl

transmission to a given confinement may be equivalent to determining tne
liniting perturbation that can be imposed on a wave propagating in that

confinement; that is, to determining the propagation limits. Tnus, the
requirements for initiation (i.e., for transmission) and for propayation

under a given set of boundary conditions may indeed be the same. This is

certainly true on the scale of the cellular structure since propagation of

the wave is possible through what appears to be an ongoing series of

critical reinitiations at the end of successive cells.

dIn order to demonstrate that the critical conditions determined in the

present tests represent the propagation limits and are not simply an arti-

fact of the particular initiation source employed (i.e., the linear detona-

tion tube), an additional test was carried out at the mixture coiposition
required for critical transmission to one of the yielding tubes (4.15% ( 2H-4

for the 5 mil wall thickness), but using a disc of high-explosive PETN for

an initiation source as shown in Figure 41. The mass of PETN employed was

several times the mass required for critical initiation of spherical detona-
tion. The cinematographic records showed that the wave faileo suddenly upon

encountering the first support hoop, having successfully propagated some 15

tube diameters. Therefore, we can conclude that the critical conditions do

indeed represent the propagation limits.

.. The results in Table I show that, as the wall density tends to zero,

the critical diameter for propagation in a free column of gas tends to the

familiar critical tube diameter for transmission to an unconfined region.

This result is in contrast to those of Vasiliev (1960) which suggest that

the critical diameter of a free column is some 2 to 8 times the critical
diameter for transmission. It is quite possible that the larger column

diameter observed by Vasiliev is due to a turbulent interface between tile

test mixture and the surrounding air caused by the rapid withdrawal of the

walls containing the test mixture. The only circumstance under which
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Vasiliev's claim would be true is if the inert gas bounding the aetonable

g column is of considerably lower density than the colurmn itself. Conversely,

it is suspected that the critical diameter for propagation in a free colu.ri"

could actually be reduced below the critical diameter for transmission if

the inert boundary gas surrounding the column is of higher density than the

explosive mixture. Some evidence of this has recently been noted in the

field tests at Sandia (Guirao et al., 1982). Propagation in a hydrogen-air

colunin surrounded by air was found to be possible for significantly fewer

cells across the diameter than expected. This was attributea, in part, to

the confinement effect of the higher aensity boundary gas.

The support hoops proved to be valuable in revealing adoitional infor-

mation about detonation waves propagating under near limit conditions. In

the case of the 1 oil wall thickness, the critical cell length (i.e.,

Lc = 19 mm) gives an effective hoop spacing uf 11.7Lc which allows the

perturbed wave plenty of time to recover before a subsequent disturbance is

encountered. In Figure 40, recovery would appear to be complete somewhere

between the third and fourth frames. That is, between 3.9L and 7.6L "

downstream of the disturbance. As the tube wall thickness is increased to

10 mil, the critical cell length increases to 313 mii. The effective hoop

spacing therefore decreases to about 4.8L which apparently does not permit
c

sufficient time for recovery between hoops. This is illustrated by the

cinematographic sequence of Figure 42 in which each pair of frames ("a" and

"b") shows the wave prior to, and subsequent to traversing a hoop. In

short, each successive interaction degenerates the wave until it becomes a

low-mode spinning detonation by the end of the tube (not shown in tne

figure). The velocity profile deduced from the film records shows both

intense oscillations and a decreasing mean velocity over the 10 mn lenti.
Tnis wave has been perturbed to extinction. The reason why a hoop spacing

of about 5L is critical can be understood froi the velocity profile shownc T
in Figure 37. The profile illustrates that, following a disturbance,

reignition nuclei materialize at d distance of about 5Lc downstream of tioe

disturbance. This suggests that failure can be induced by perturbing tne

wave a second time, prior to tne birth of reignition nuclei following an

initial disturbance.
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4.3.3 E,imating the Magnitude of the Controlling Chemical Length

For a given gasdynanic field (i.e., a specified polyethylene wall

thickness), it is possible to estimate the order of magnitude of the

controlling chemical kinetic length in detonative propagation by making some

assumptions about the form of the kinetic rate equation and about the

stability of detonation. Since only the correct order of magnitude is

sought, many simplifying assumptions will be made and a quasi -

one-dimensional approach will be taken.

- A Criterion for Criticality

Bearing in mind that reignition appears to be favoured near the bound-

ary, a criterion for criticality should logically be applied to particles

near the tube wall which enter the shock and are subjected to an immediate

expansion. Rather than committing ourselves to a specific chemical kinetic

time (i.e., the one-dimensional induction time, the cell transit time,

etc.), the controlling chemical kinetic time will simply be assumed of the

usual form:
a bT k [02 a [L2H] exp(E/RT), (4-1)

where T is in seconds and [02J , [C2H4 ] and T are the oxygen and ethylene

concentrations (ioles/l) and the temperature (K) oehind a shock propagating

at the C-J velocity of the respective ethylene-air mixture. As in Chapter

3, these properties are calculated using the Gordon and McBride (197b)

computer program assuming frozen chemistry and vibrationally-relaxed

equilibrium conditions. The exponents a and b are taken from the proposed

induction-time formula of Hidaka et al. (1974). However, instead of using

4.. Hidaka's value for the activation energy E, the value of 37.2 kcal/mole

obtained from the curve fit to the critical tube diameter data (Chapter 3)

is used.

The conditions for sustained propagation will be twofold. First, a

particle must complete its chemical residence. That is, f t T-(t)at must
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reach unity at some time during the expansion. The second condition is a

failure criterion, similar to the one advanced by Shchelkin (1959), which

simply proposes that the chemical-gasdynamic coupling will not persist if

the relevant chemical kinetic time increases by an amount on the order uf

itself; that is, if AT = 
T. Hence, for a given particle thermodynamic

history (i.e., a given wall thickness), the pre-exponential factor k can be

varied until the chemical time is found for which the above integral reaches

unity just prior to the failure criterion being satisfied. In his origindl

work, Shchelkin was concerned with the growth of instabilities caused by the

difference between the pressures in the post-shock and post-reaction zones.

It was hypothesized that the hot but low-pressure combustion products, upon

impinging on the higher pressure post-shock mixture, could cause expansion

of the latter. The lower temperature of the expanded gas would then result

in an increase in its induction time. In the present investigation, we are

not concerned with the expansion resulting from the burned gases interacting

with the shocked mixture, but rather with the expansion due to side relief.

The Particle Thermodynamic History

The particle thermodynamic history will be calculated by first deter-

mining the wall trajectory as it accelerates radially outward in the wake of

the passing shock. We will consider a perfect, inviscid gas where the heat

transfer to the wall and the skin friction are negligible. The coupling

between the gasdynamics and the chenistry will be ignored. Resistance by

the wall to motion will be due to inertia alone, material strength being

ignored. This assLnption is warranted since calculations show that, even at

the yield strength of polyethylene, the heaviest wall is capable of exerting

only a negligible counterpressure in comparison with the pressure driving

the wall outward. Loss of the wall's integrity (tearing, for example) will
be assumed to occur at later times than are of interest here. Since the

wall trajectory does not vary with time to an observer attached to the

shock, this is a globally steady, two-dimensional problem with rotational

symmetry. It can thus be transformed into the unsteady, one-dimensional

problem of an accelerating cylindrical piston. This approach is valid fir

small flow deflections and is identical to that used in computing hypersonic
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flow over slender bodies. Dabora (1963) has used this approach previously

with good success in a similar analysis. The radial position of the wall a

distance x behind the shock in the real two-dimensional problem will be the

same as that of the cylindrical piston after time x/Vcj, as shown in

Figure 43.

The one-dimensional piston motion will be calculated by the method

first proposed by Meyer (1958). This author presents a means of solving the

conservation equations, in characteristic formi, applied to the particles

immediately in front of, and behind the piston. For the present analysis,
77 three modifications to Meyer's original formulation are required. These

include: i) eliminating the reflected shock in his head-on impact problem

and instead beginning with a quiescent high-pressure reservoir of equili-

ibriLi conditions consistent with those behind a C-J shock, ii) allowing for

different ratios of specific heats y on either side of the wall, and iii)

adding an integral term to account for cylindrical divergence. Details of

the analysis are given in Appendix B. The modified equation for the wall

motion is:

du (r 2y,/(y, - 1) t Caur dt + y. - 1)
__r I f r .Q f. r -rP. Pu - :bur dt - U ur] (4-2)
dt rn/A P Q,

where m/A is the surface density of the wall material, ur and r are the

particle radial velocity and position, p is pressure, y is the ratio of

specific heats and c is sonic velocity. Subscripts 1 and 2 correspond to

the initial low-pressure (atnospheric air ahead of the piston) and high-

pressure (post-shock) states, respectively. Subscripts a and b refer to

conditions immediately ahead of and behind the piston, respectively. The

Riemann invariants P2 and Q, are given by Zc 2 /(y 2 - 1) and 2c,/(y1 - 1).
*i The above equation rmust be integrated numerically for ur(t).

It is not possible to resolve the wall motion at swall distances behind

the shock on the present photographic records. However, the motion can be

resolved at much later times. As a check on the method, the trajectories
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measured from film records were compared with those calculated using deton-

ation parameters rather than post-shock parameters. As shown in Figure 43,

even at ten tube radii behind the front, the measured radial position of the

wall differs from the predicted one by only ±9%. This gives us confidence

in the early-time solution. A further check on the aethod was made by co,-
paring the wall motion, as its density tends to zero, to the trajectory of a

contact surface in a bursting cylinder problem. The latter was calculated

(Thibault, 1983) using the flux-corrected transport computer code first

developed by Boris (1976). For initial reservoir conditions corresponding

to the detonation products of a stoichiometric ethylene-air mixture, Figure

44 shows that the two calculated trajectories differ by only 8% at a

distance of seven tube radii behind the shock.

.t.

It must be borne in mind that the particle in the real problem does not

experience as severe an expansion as indicated by the piston analysis since

the particle is convected along with the shock rather than being fixed to

the wall. This amounts to scaling the calculated results by a factor of

VC-j/us in time where us is the particle velocity relative to the shock.

Results of the Calculations

The calculated thermodynamic history of a particle at the edge of a

tube having a 10 mil wall thickness is shown in Figure 45. The particle

radial velocity and the post-shock pressure and temperature are plotted

against normalized time t/t at the top of the figure. Here, 't is the

characteristic chemical kinetic time (based on the initial post-shock

conditions) of a mixture which satisfies the criteria for sustained

propagation outlined previously. This time was arrived at by varying the

pre-exponential factor k until the value was found for which ft T-(t)dt + 1.

as t + 2To . The procedure is sumnarized graphically in the lower part of

the figure where progress through reaction f T-'(t)dt is plotted against

00
4 2 normalized time t/ 0 for a range of assumed controlling chemical kinetic ,

times (i.e., for different values of k). For small chemical times, the
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particle undergoes reaction before it is aware of an expansion, while for'

j large chemical times, the expansion is so severe that the particle Darely

begins reacting. There is but one chemical kinetic time which satisfies the

criteria for sustenance.

A summary of the calculations for the three severities of expansion

investigated is shown in Table II. Columns 3 through 6 list the initial

post-shock conditions as calculated by the Gordon-McBride (1976) chemical

- equilibrium computer code. Column 8 shows that the pre-exponential factors

which satisfy the criteria for sustenance differ by only ±10% about a mean

value of 2.21 X 10-11 s-mole/l. This confirms the similarity of the

chemical-gasdynamic dependence over the range of characteristic cheical

kinetic times and gasdynamic expansion times investigated. Furthermore, as

shown in column 9, the controlling chemical kinetic length is seen to be on

the order of the cell length L . Intuitively, this makes sense since the

very existence of detonation is due to a cyclic phenomenon characterized by

precisely this streamwise length. Hence, our Shchelkin-like criterion iaay

imply that, if a particle reacts after falling "out of phase" by an

additional cycle, the periodic cellular mechanism breaks down. This is

consistent with our earlier observation (Chapter 2) that the cell size

approximately doubles prior to recovering from near critical perturbations.

4.3.4 The "Stream Tube" Area Increase as a Means of Quantifying the

Chemical-(iasdynamic Competi tion

Although the correlation described in Section 4.3.3 allowed tne cun-

- trolling cheical kinetic length scale to be identified, a fairly involved

calculation of the particle thermodynamic history was required for a

relatively simple geometry, even after neglecting many important details

(e.g., the influence of the heat release on the thermodynamic profiles).

The usefulness of such an approach for predicting critical conditions in

situations of practical interest is therefore very limited. Rather than

computing a detailed particle thermodynamic history for use in the kinetic

rate equation, a more simplified means of expressing the chemical-gasdynamic

competition is to evaluate the increase C in the cross-sectional area of a
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"stream tube" of particles entering the front, as these particles ilijrate

rearward of the shock through some appropriate chemical kinetic distance.

This idea has been advanced by many investigators in the past (e.g., Jones,

1947; Fay, 1959; OaDora, 1963) but has not met with much success due to ttle

difficulty in specifying the chemical kinetic length over which the area

increase should be evaluated. Fay (1959), for example, suggested the use of

either the "gross" thickness of the front, deduced from Schlieren photo-
graphs, or the mixture "relaxation" distance obtained from the one-

dimensional chemical kinetic calculations of others (e.g., those of

Kistiakowsky and Kydd, 1954). Since these early attempts, the universal

7cellular character of detonation has been revealed so that a reasonably well

defined and measurable chemical kinetic length scale is now known to exist.

With this in mind, and considering the results of the analysis in the pre-
vious section, the cell length Lc would appear to be a sensible choice for

the characteristic chemical kinetic length. Perhaps, with this knowledge,

the stream tube area concept warrants renewed consideration.

According to Fay (1959), the subsonic flow in a globally steady reac-

tion zone adjusts so that each stream tube experiences the same fractional

increase in area between the frontal shock and any streamwise location to

the rear of the shock. In the case of the present yielding wall configurd-

tion, this means that the fractional increase in the area of each annular

stream tube is equal to the fractional increase in the area of the yielding

tube itself. Using the computed wall trajectories, the critical increases r

in stream tube area for the 1, 5 and 10 mil polyethylene wall thicknesses

are calculated to be 17.6-, 22.3% and 23.2%, respectively, evaluated over a

particle path length equal to Lc These calculations are summarized in

Table III. It should be noted from the table that, for this purpose, the

detonation parameters rather than the shock parameters have been used to

calculate the wall trajectories. Having identified the controlling chemical

kinetic length to be on the order of Lc from the correlation described in

Section 4.3.3, the use of detonation parameters was felt to be warranted
because these more closely reflect the average conditions existing within a

region of that magnitude. The fact that the critical area increases are

all near 2U% is encouraging evidence that the stream tube area concept,
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incorporating the cell length as the relevant chemical kinetic distance, may

be a viable means of describing the competition between the chemical energy

release and the gasdynamic expansion occurring within the front.

If the 20% critical area increase continues to hold true as the wall

density tends to zero, calculations of the above described type reveal that -

the minimum column diameter for unconfined propagation is about lOX (for

X/L c = 0.7). This compares with a critical diameter of about 11X if the

contact surface trajectory computed nwerically by Thibault (1983) is used

instead (see Figure 44). These calculations support the earlier qualitative

observation that, as the wall density tends to zero, the critical diaieter

for propagation in a cylindrical column approaches the critical diameter for

transmission to an unconfined region. Similar calculations, covering the

entire range of yielding wall densities m/A, are responsible for the dashed

curve shown in Figure 39.

A Check on the Stream Tube Criterion Using Tapered Yielding Tubes

Experiments involving transmission to constant diameter yielding tubes

suffer the drawback that several tests must be carried out in order to

identify a single critical condition. This inconvenience could be avoided

if either the mixture coi-aposition, the thickness of the yielding wall or the

diameter of the yielding tube could be varied in the direction of propaga-

tion. Although the first two possibilities are difficult to implement fro"

a practical point of view, the third option can be incorporated by simply

tapering the yielding tube so that the relative expansion becomes ,ore

severe with increasing distance froi the rigid tube exit. It was postulated

that the behavior of the wave at any point along the tapered tube would not

be unlike that in a constant area tube of the same local diameter as long as

the taper was slight. By "slight" it is neant that the decrease in the tuoe.

area due to taper is small in comparison with the increase in area due to

the outward motion of the wall. Four such tests were carried out in the

field facility; two involving 5 rnil thick polyethylene walls and two in-

volving 10 mil thick polyethylene walls. Each tube was tapered frolil U.89 m

to 0.46 m in diameter over a 10 ra length. Cinematography revealed that the

UCAII
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location of failure was not easy to identify because the failure process was

a gradual one characterized by a gross spinning inution of the front, which

increased in scale and accelerated as quenching was approached (somewhat

like the sequence shown in Figure 42). Nonetheless, careful examination of

the luminous front showed that, at a relatively well defined location prior

to the conunencemnent of spinning, there appeared reignition nuclei which

formed repeatedly near the edges of the tube. Assuming the chemical-

gasdynamic balance to be in jeopardy for the tube diameter corresponding to

the earliest appearance of these reignition centres, the critical fractional

increases in stream tube area have been calculated and are summarized in

Table IV. The area increase m due to wall motion has been computed

assuming constant local diameter. From this increase has been subtracted

the area change t due to the reacting particles being convected down a

converging duct. Note that the area decrease due to taper is an order of

-magnitude smaller than the area increase due to side relief, thereby con-

firming the "slight taper" assumption discussed above. In all but the third

case shown in the table, the critical net area increase is seen to be very

near the 20% increase noted earlier for tests involving constant diameter

tubes. Inadvertently, the experiment involving a 10 mil wall thickness and

an ethylene concentration of 3.80% was done with a lower fuel concentration

than intended so that failure occurred immediately after the wave emerged

from the rigid tube. In this case, the critical area increase could not be

identified, but only an upper bound specified.

Other Support for the Stream Tube Criterion

Indirect evidence that the critical area increase of about 2U,1

suggested above may apply more universally can be drawn from the recent

field test data of Moen et al. (1983) on the methane-air system at stoichi-
ILIometric composition. High-speed cinematography showed that transmission

from a 1.83 m diameter rigid tube to a yielding polyethylene tube of the

same diameter and having a nominal 6 mil wall thickness (m/A = 0.135 kg/l)2 )

was near critical, with failure occurring some two to three diameters from

the rigid tube exit. Assuming the 20% critical area increase to hold, a

calculation of the yielding wall trajectory indicates a cell length of
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376 mm to be appropriate. If the cell aspect ratio of 0.7 found to be valid

for ethylene-air mixtures is used for the stoichimetric methiane-air

mixture, the implied cell width k is 263 in. This value is in good

J. agreement with that of 280 ± 30 m ,n determined by Moen et al. (1983) from

smoked plates and plastic strip measurements, and with that of 310 ± 50 mi

predicted by Bull et al. (1982) using a correlation between the cell size

and the initiation energy.

Further indirect support for the existence of a critical 20% increase

in stream tube area evaluated over the cell length can be drawn from the

. experience of Guirao et al. (1982) in their attempt to determine the criti-

cal hydrogen-air mixtures for transmission from tubes of 0.91 in and 1.21 m

diameter. Initially, these authors assumed that the critical composition

for transmission to an unconfined medium would be approximately equal to

that for transmission to a polyethylene tube (1U0 pm thick walls) of the

sime diameter. In other words, it was thought that the walls would have

little influence on the transmission process. However, the field tests

showed that transnission was possible for mixtures having cell widths about

twice as large as had been anticipated (Lee, 1982). Although these tests

were subsequently redone using larger diameter bags to simulate the uncon-

fined region, the original data are of interest for the present purpose. If

the 201 critical stream tube area increase is assumed to be valid, ano if

the density of the polyethylene used in the Sandia tests is the same as that

of the material used in the present study, calculations of the type

described above give critical cell lengths of 216 vmn and 2b8 mm for trans-

mission from tubes of 0.91 m and 1.21 in diameter, respectively. Asswaing

tne cell aspect ratio X/L of 0.7 observed by Bull et al. (1982) for

stoichionetric hydrogen-air to hold for off-stoichior, etric compositions, the

implied cell widths are 151 ni and 188 wra. These cell widths are 2.15 timies

and 2.02 times greater than those required for trdnsAnission to an unconfined

region (assuming x = Dc/13 to be valid). The calculations therefore

substantiate the experinental observations.
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4.4 S w-ry

Large-scale tests on the transmission of lean ethylene-air detonations

from a rigid tube to yielding polyethylene tubes of the same aiameter

(Figure 28) have shown that reinitiation of the eiaerying wave is via a

circular locus of reignition nuclei which form in the vicinity of the yield-

ing tube wall (Figure 32). These nuclei give rise to detonation bubbles

which reestablish the wave globally by sweeping transversely through the gas

bounded by the decoupled shock wave and the reaction zone. In the critical

case, this reinitiation phenomenon is not unlike the one observed in tests

to determine the critical initiation energy in that both are characterized

by a critical radius of wave front curvature, a quasi steady regime in

velocity and a "galloping" behavior which may be indicative of the reaction

zone attempting to couple with the shock front as proposed by Bull et al.

(1978). Following near critical transnission to a given polyethylene tube,

the wave is seen to be very sensitive to boundary induced perturbations and,

in particular, to the thin steel hoops used to support the tube (Figure 40).

Cinematographic records show that a wave, once disturbed, can be quenched if

it is perturbed a second time before reinitiation has commenced following

- the initial disturbance (Figure 42). For this reason, a critical hoop

spacing of about five cell lengths appears to exist.

A simple correlation has been done to estimate the order of magnitude

of the controlling chemical kinetic length in detonative propagation. The

first step in the analysis is to compute the post-shock thermodynamic

history of a particle adjacent the tube wall since reignition appears to be

favoured there. For this purpose, the wall motion is considered to be

analogous to that of a cylindrical piston accelerating radially outward

under the influence of the high-pressure, post-shock mixture (Figure 43).

£" The piston motion is calculated using a variation of the approximate ,methodi

proposed by Meyer (1958). Concerning the energy release, the controlling

chemical kinetic time - is assumed to be of the standard form:

= k 102 a [CH ]b exp(E/RT), (4-1)
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so that in a nonsteady gasdynamic field .he particle completes its chemicdl

residence when fo T-(t)dt + 1. If it is further stipulated that this ilust

occur before the chemical kinetic time increases by an amount on the order

of itself (i.e., a Shchelkin-like failure criterion), there is but one

pre exponential factor k which satisfies the dual criterion for sustenance.

For the three different polyethylene wall thicknesses investigated, the

pre-exponential factors emerging from the analyses are found to be nearly

equal (Table II), thus confirming the sinilatity of the critical cheical-

gasdynamic balance over the range of chemical kinetic and gasdynariic

expansion times involved. Furthermore, the analyses give controlling

chemical kinetic lengths which are of the same magnitude as the experi-

mentally observed critical cell lengths.

* A simplified means of quantifying the chemical-gasdynamic competition

is via the "stream tube" area increase, as first proposed by Jones (1947).

In this approach, the increase is evaluated in the cross-sectional area of a

strean tube of particles entering the front, as these particles migrate

W rearward from the shock through some appropriate cheiical kinetic distance.

Assuming the cell length L to be the appropriate chemical kinetic length, --
c

as suggested by the results fromn the above described correlation, the

critical fractional increases in the stream tube area are found to be

about 20% for the three polyethylene wall thicknesses employed (Table III).

This value is confirmed by the results from four additional tests involving

transmission to tapered polyethylene tubes of continuously decreasing

diameter (Table IV). For these experiments, it was possible to identify ttle

failure diameter from cinematographic records.

Indirect evidence that the critical area increase of 20'1 may apply wiore

universally can be drawn from the results of other investigators. For

example, Moen et al. (1983) have found that trdnsinission from a 1.83 in

diameter rigid tube to a polyethylene tube (density of wall mnterial
2

iM/A = 0.135 kg/in ) of the same diameter is nedr critical for a mixture of

stoichiometric methane and air. Assuming the 2U, critical area increase t.
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be valid, calculations of the present type indicate a cell width of 263 i

to be appropriate. This value is in goo agreement with that of 280 - 30 mm

measured by Moen et al. (1983) from smoked plates and plastic bag strips.

it also agrees with the cell width of 310 ± 50 mm estimated by Bull et al.

(1982) using a correlation based on critical initiation energy data.

Additional support for the stream tube criterion is provided by the observa-

tions of Guirao et al. (1982). These authors, in their attempt to determine

the critical tube diameter for hydrogen-air mixtures, initially studied

transmission from rigid tubes of 0.91 m and 1.21 m diameter to polyethylene2 _
tubes (m/A = 0.088 kg/m ) of like diameter. Assuming the 20% critical area

increase to again be valid, the present calculations show that transmission

should be possible for cells 2.15 and 2.02 times larger, respectively, than

those required for transmission from the same tubes to an unconfined volume.

This factor of approximately two in critical cell size was indeed noted

experimentally (Lee, 1983), thus adding credibility to the notion of a

universal 20% critical stream tube area increase, evaiuated over a particle

path length of L c relative to the shock.

Both the experimental results and the calculations show that, as the

density of the yielding wall tends to zero, the critical diameter for propa-

gation in a "free" column of gas tends to about lOX; i.e., it approaches the

familiar critical tube diameter for transmission to an unconfined region

(Figure 39). This result is in disagreement with the observation by

Vasiliev that the critical diameter for propagation in a free column is some

2 to 8 times that for transmission to an unconfined space. It is thought

that the larger column diameter observed by Vasiliev is due to a turbulent

interface between the test mixture and the surrounding air which reduces the

effective diameter of the column.
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5.0 THE INFLUENCE OF YIELDING CONFINEMENT ON THE VELOCITY OF PROPAGATION OF

GASEOUS DETONATION WAVES*

5.1 Introduction

In the previous chapter, it was proposed that the critical condition

for sustained propagation could be expressed in terms of a maximurm tolerable

stream tube area increase C, evaluated over d distance equal to tne cell

length Lc . Owing to the perturbing nature of the thin steel hoops support-

ing the yielding tube, a steadily propagating wave could not be observed

. except under conditions well reaoved fromi criticality. Consequently, pheno-

mena which are generally characteristic of propagation under supercritical

but near limit conditions were not studied. One such phenomaenon is the

velocity deficit. Numerous investigations have revealed that detonation

waves propagate at a velocity V somewhat below the theoretical value V

when conditions are more favourable than the critical ones.

Velocity deficits were first studied in connection with the design uf

high-explosive cylindrical charges. Jones (1947), for example, aovanced a

".- theory which proposed that the deficit resulting fro~i radial expansion in

the reaction zone of the wave is proportional to the reaction-zone length

and inversely proportional to the charge diameter. Later, Sommers (19bl)

and Sommers with Morrison (1962) attempted to gain sotie insight into tie

interaction between a condensed-explosive charge and a copressible boundary

(i.e., the charge casing) by studying the analogous problem of a gdseous

column of explosive mixture bounded by a compressible inert gas. DaDora

(1963) measured velocity deficits in a similar appardtUs and proposeo d sild-

ple theory to relate the deficit to the increase in the flow area within the

*Tne bulk of the material in this chapter was presented dnd well received at
the Paul Vieille Scientific Meeting, held at the Lentre de Recherches du
Bouchet, Vert-le-Petit, France, 26 - 27 September, 1984. A paper has also
been submitted for presentation at the Tenth International Colloquium on
Dynamics of Explosions and Reactive Systems, to be held in berkeley,

1 California in August of 1985. Authors: Murray, S.b. and Lee, J.H.
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reaction zone. However, as was the case in attempting to quantify the crit-

ical conditions (Chapter 4), the choice of an appropriate "reaction-zone"

length over which to evaluate the area increase was not dn obvious one.

Another scenario in which velocity deficits have Deen medsurea exten-

sively is that involving detonations propagating in tubes with nunyielaing

walls. Deficits have been measureu in smooth round tubes covering a large

range of diameters and mixture compositions (Mooradian and Gordon, 1951;

Kistiakowsky et al., 1952a, 1952D; Manson and Gu~noche, 1957; Edwards et

al., 1963; Brochet, 196b; Pujol, 1968; Renault, 1972). Similar investi-

gations have been carried out using snooth tubes of rectangular cross

section (Edwards et al., 1963; Boisleve, 1970; Renault, 1972). Shchelkin

(1947) and Kistiakowsky et al. (1952b) have measured velocity deficits in

tubes having walls which were roughened by the installation of helical

spirals into the tube. It has been customary for experimenters to plot the

propagation velocity against the reciprocal of the characteristic transverse

dimension of the tube, and to extrapolate to infinite tube size in order to

estimate the velocity of the wave in an unconfined space.

Along theoretical lines, the problem of velocity deficits has been

addressed by many investigators (e.g., Zelaovich, 194U; Tsu96, 1971; Dove et

al., 1974). Fay (1959) has been most successful in this regard. This

author proposed tnat, in a tuoe with nonyielding walls, the stream line

divergence within the reaction zone is a result of the negative displacement

thickness (in shock-fixed coordinates) associated with the growth of viscous

boundary layers on the walls of the tube.

In the previous chapter, it was remarked that the past lack of success

with the stream tube area concept was due to our inability to identify the

relevant chemical kinetic length scale in detonative propagation. It was

demonstrated that, when the cell length was chosen to be the characteristic

chemical distance, the stream tube area concept was quite successful in the

quantification of the critical chciical-gasdynamic balance. The contriOu-

tions of the study to be described in this chapter centre around smoke

record observations and velocity deficit measureients in a detonation tube
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of square cross section, consisting of a combination of rigid and yieldig..

walls. The gasdynamic expansion is regulated by vdrying the density And, to

a larger extent, the number of yielding walls. The results show that the

stream tube area increase, based on the cell length, is as successful a

concept for describing the phenomenon of velocity deficits as it is in

quantifying the critical conditions. a.

5.2 Experimental Details

The apparatus illustrated in Figure 46 and photographed in Figure 47

consists of three components: 1) an initiator section, 2) a linear detona-

tion tube, and 3) a test section. The initiator section is a hollow steel

cylinder, 492 man in length, filled with a detonation sensitive mixture of

equimclar oxygen and acetylene at atnospheric pressure. Following spark 7

ignition of this mixture, the resulting detonation transmits through an open

ball valve to the test mixture in the adjacent linear tube. The valve

separates the mixtures until moments before ignition. The transanitted wdve

in the square tube (62 rmm by 62 nin) is allowed to equilibrate over a 164U raa

length before emerging into one of three interchangeable test sections

(Figures 46b to 46d). Each test section has been manufactured from square K

tubing similar to that noted above. In one case, a single steel wall has

been milled froci the tube leaving a three-sided channel open at the top. In

a second case, a pair of parallel walls has been removed. In yet a third

case, three walls have been machined away leaving rigid confinement on only

one side. Having removed one or more of the steel walls, the remaining

structure has been appropriately reinforced as illustrated in Figure 4b.

In preparation for an experiment, each rigid boundary which has been

reoioved is replaced by one of five thin yielding materials. These Materials

include a paraffin coated paper (A), a coirnon variety of stationery paper

(B), a polyethylene plastic and two types of high-strength acetate plastic

(A and B) often used in the making of shock tube diaphragms. The m ,easured

surface density of each material is given in Table V. In most of the exper-

iments, the paraffin coated paper or one of the acetate plastics was

employed. Since the investigation was carried out in the laboratory, the

UNCLASSIFIED
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test section had to be enclosed within a protective vessel. A large dia-

meter cylindrical pipe mounted on a trolley was used for this purpose (see

Figure 47).

The test mixture was stoichiometric oxygen and acetylene with nitrogen

dilution (i.e., 2C2 H2 +502 +501 2 with 3.5 4 a 4 6.5) at atmospheric pressure.

The flow rate of each gaseous component was monitored by measuring, with a
manometer, the pressure drop across a small bore capillary tube. A bubble

tube technique was employed to calibrate the flow system. At least five

volumes of the apparatus were flushed through with the test mixture once the

correct individual flow rates were established.

A series of nine piezoelectric pressure transducers (PCb 113A24) were

positioned along the apparatus. Signals fron four such transducers (two in

the linear tube and two in the test section) were displayed on a pair of

oscilloscopes. An additional transducer in the linear tube was used to

trigger the oscilloscopes and to start a series of time interval counters

5 having nanosecond resolution. Signals from the four remaining transducers

in the test section were used to stop the time interval counters. The med-

sured times of arrival enabled the mean wave velocities between neighbourrng

transducers to be calculated. The other diagnostic technique was the smoked

plate, made by applying a thin layer of soot to a white enamelled metal

sheet. This sheet was subsequently positioned on one of the nonyielding

walls of the test section, as shown in Figures 46b to 46d.

The experimental procedure was simply to carry out a series of "GO" -

"NO-GO" tests for a given set of boundary conditions until the critical

mixture composition for successful propagation was identified. Additional

tests were then conducted with more sensitive mixtures in order to determine

the velocity deficits under supercritical conditions.

A total of 5U experiments were carried uut.
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5.3 Experimental Results and Discussion

5.3.1 Cell Width Measurements'.

Pressure measurements and velocities deduced from the transducers in

the linear tube showed tnat an equilibrium C-J detonation existed prior to

the wave encountering the change in boundary conditions. Equilibrium propa-

gation was further confirmed by the smoke records located just prior to tne

exit from the rigid tube to the test section. A plot of the cell width X:

versus the mixture composition, expressed in terms of the dilution ratio

a = IN2]/[02J, appears in Figure 48. Included on the graph are the cell

widths measured from the smoked plates used to line one of the nonyielding

walls of the test section. In cases where transmission and subsequent

propagation were successful, there was no noticeable difference between the

scale of the cellular structure in the rigid tube and in the test section.

The data for compositions near acetylene-air (i.e., = 3.76) are in good

agreement with the direct measurements of cell size by Knystautas et al.

(1982), Bull et al. (1982) and Moen et al. (1983). Estimates of the cell

width based on the 13X correlation and the critical tube diameter faeasure-

ments of Knystautas et al. (1982), Freiwald and Koch (1963), Zeldovich et

al. (1956) and Moen et al. (1983) are included for off-stoichionetric

compositions. The line through the data is a prediction based on the

assumption that the cell width x varies with the mixture composition in

accordance with a standard induction-zone length expression of the form:

ku s LC2 H2 ] exp(E/RT) (5-1)

where X is in meters and us, [02] , [C2 H2 ] and T are the post-shock particle

velocity relative to the shock (m/s), the oxygen and acetylene concen-

trations (moles/l) and the temperature (K) behind a shock propagatiny at the
7W

C-J velocity of the respective C2 H2 -O2 -N 2 mixture. All post-shock proper-

ties are calculated using the Gordon and McBride (197b) computer program

assuming frozen chemistry and vibrationally-rel axed equilibrium conditions.

Exponents a and b are taken fro, the proposed induction-time formula of
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White (1967). However, inastead of using White's dctivation energy of 17.3

kcal/mole, the value of 27.5 kcal/mole suggested by Bjerketvedt et al.

(1981) has been adopted. Using this higher activation energy, these authors

were successful in predicting the variation of the critical tube diameter

with dilution ratio for compositions ranging between acetylene-oxygen and

p acetylene-air. With a reference cell width of x : 9.5 nmm at a = 3.76, the

pre-exponential factor k can be evaluated and used to predict the cell wiath-

over the entire range of B. The reference cell width of 9.5 imm represents

an average of the values reported by Knystautas et al. (1982), Bull et al.

(1982) and Moen et al. (1983) for the stoichiometric acetylene-air mixture.
r-"7'

As shown in Figure 48, the prediction describes the trend of the data

quite well over the entire range of compositions for which iata are avail-

able. This is a bit surprising in view of the fact that Bjerketvedt et al.

(1981) used post-shock temperatures based on constant gamma, whereas the

present correlation employs vibrationally-relaxed post-shock states (i.e.,

lower temperatures). The curve in the figure will be used as a reference

for the cell width in the correlations to be described later. When the cell

length L is required, the aspect ratio X/L of 0.7, apparent from the data
oBllc c

of Bull et al. (1982) for stoichiometric acetylene-air, will ue assumed to

hold for the more highly diluted C2 H2-02-N) mixtures used in the present

3experiments.

5.3.2 The Transmission Phenomenon

In the study involving the transmission of ethylene-air detonations

from a rigid circular tube to yielding polyethylene tubes of the sa.ie

diameter (Chapter 4), an initial transient reinitiation phase followed by a

steady propagation phase were both observed. Figure 49 shows a comparison

between the reinitiation phenomenon proposed from the cineldatoyjrdphic

records from the large-scale experiments and that evident from the swoke

records in the present laboratory study. The smoke record shown in te

figure was situated on the side wall of a channel having three rigid

boundaries and a yielding top (i.e., the test section shown in Figure 46b).

There is clear evidence on the record that reignition (R) took place nedr
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the yielding boundary, leading to an overdriven detonative Mach stem which I
decayed in strength while growing in height. This renewed detonation front

(L) expanded transversely inward (T) until it occupied the entire cross

section of the channel a distance of about 2.3 channel widths from the exit.
.V" The smoke record confirms that the essential details of the reinitidtion

phenomenon are as proposed from, the cinematographic records.

5.3.3 Critical Conditions for Propagation

Figure 50 consists of a collection of smoke records fron the side wall

of a channel consisting of three rigid walls and a yielding top. The

records appear in order of decreasing mixture sensitivity from top (A) to

bottom (I). The direction of propagation is from left to right. The first

six records, for 4.25 4 a 6.13, show successful propagation of the wave

from one end of the test section to the other without any apparent cell size

gradient in either the transverse or longitudinal directions. The absence

of a longitudinal gradient in cell size suggests that the wave has quickly

3 adjusted to the newly imposed boundary conditions and has resumed propaga-

ting in an equilibrium fashion. The lack of a transverse gradient in cell

"' size may be evidence to support the hypothesis of Fay (1959) that the flow

in the subsonic region adjusts so that each stream tube experiences the same

* fractional increase in cross-sectional area between the frontal shock and

any streamwise location aft of the shock. Another point of interest is tnat

tere is no measurable difference between the scale of the cellular struc-

ture observed in the rigid tube and that observed in the test sections.

Thus, the structure of the frontal shock complex appears to be independent

of the severity of the post-shock expansion, provided sustained propagation

is possible. This is consistent with the fact that, for a diverging detona-

tion wave where the post-shock expansion is continuously decreasing in

severity with increasing radius, multiplication of cells occurs at a rate

required to maintain the equilibrium cell size.

The records labelled G through I in Figure 50, for 6.25 < < 6.50,

show that the wave is not capable of coping witn the expansion once the

global rate of reaction drops below some critical rate; that is, once the
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detonation cell exceeds some critical size. Fro, the figure, it would

appear that smoke record G corresponds to the critical conditions. Note

that the failure process is characterized by an approximate doubling ot the

cell size. A similar observation was noted in the earlier study (Chapter 2)

on the transmission of planar detonation froin a rigid tube to cylindrical

detonation expanding radially outward between a pair of parallel plates. In

that investigation, the cell size was seen to approxinately double prior to

the wave recovering from a near critical disturbance or prior to the onset

of critical reinitiation. If the cell length Lc is considered to be tie

controlling chemical kinetic length associated with the front, the above

noted observation supports the hypothesis of Shchelkin (1959) that the front

loses stability if the relevant chemical kinetic time increases by an afount.

on the order of itself.

Having identified the critical mixture composition and the correspond-

ing cell length Lc, the critical stream tube area increase C can be evalJ-

ated in a manner similar to that descrioed in the previous chapter. The

£ only difference is that the geometry is not axisymmetric as it was in the

large-scale experiments. For the purpose of evaluating the area increase,

each yielding wall is assumed to be displaced laterally outward so that it

remains parallel to its initial orientation. Corner effects are ignored.

p As in Chapter 4, the wall trajectory is obtained by first transforming the

real, two-dimensional, steady-flow problem into one involving the unsteady,

one-dimensional motion of a piston. Meyer's (1958) approximate method is

again used to obtain the distance-time history of the piston.

A sumnary of the calculations appears in Table V. For a single yield-

ing wall, the results for the paraffin coated paper (A) dnd both acetates (A

and S) reveal critical fractional area increases slightly below the value of

about 2U' noted from the large-scale experiments. An insufficient nulber of

tests was carried out to deter-mine the critical conditions for a single

yielding wall made of either polyethylene or paper (b). For two yielding

walls made of acetate (A), the critical area increase is again close to

2U . However, for experiments involving two or three yielding walls con-

sisting of paper (A), the calculated area increases are well below 2Uk.
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With this wall interial, it was noted that the critical conditions were riot

repeatable frota one test to the next. Furthermore, the outcome was seen to

be dependent on the elapsed time between the termination of flowing gas and

the initiation procedure, suggesting that diffusion through the wall
mdterial was likely the problem. This suspicion was confirmed from the

smoke records which showed that the actual cell size was considerably larger

than the anticipated one based on the known gas flow rates and the reference

graph of cell width versus dilution ratio shown in Figure 48. Using the

actual cell size instead of that corresponding to the assumed mixture coqu-

sition, the calculations for these two cases have been redone. The results,

which appear in the table as bracketed quantities, are in better agreeiient

with those from the other experiments.

Note that, for a yielding wall density tending to zero, the test sec-

tion illustrated in Figure 46b (i.e., yielding confinement on the top only)
could be used to determine the minimum thickness for propagation in a cloud

sitting on the ground. Equivalently, the minimum thickness of a detonable

layer of gas bounded by air on both the top and the bottom could be deter- T

mined using the test section pictured in Figure 46c (i.e., yielding confine-

ment on two parallel sides). This approach assumes, of course, that jetting

at the corners is negligible. Although experiments of these types were not

carried out, the likely results can be predicted by the same kino uf calcu-

lation used to estimate the critical diameter for propagation in a cylin-

drical column surrounded by air (Chapter 4). When this is done fur thie

stoichiometric acetylene-air ixture, the critical thickness of a cloud

sitting on the ground is found to be about 2.5x (for /L = U.7. This

result is consistent with the observation by Dabora (19b3) that the ,iiniiium

thickness of an oxyhydrogen layer in a three-sided channel Dounded on the'

top by nitrogen is about 4.7 mm at atmospheric pressure. Using tne cell

width of 1.65 mm inferred from the 13X correlation and the critical tune

diameter data of Matsui and Lee (1979), the minimum cloud tnickness

evaluates to 2.8x.
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5.3.4 The Behavior of the Wave Under Supercritical Conditions

Velocity Deficits and the Stream Tube Area Increase

Under supercritical conditions, the wave propagates the length of tie

test section at a velocity V lower than the theoretical velocity VC_ J  That

is, it propagates with a velocity deficit AV/Vc : (VcJ - V)/Vc. d ",

Figure 51 shows experimentally measured velocity deficits from the present

tests plotted against the corresponding calculated increases in the strea"

tube area ,, evaluated over one cell length. Open symbols denote the defi-

cits determined from oscilloscope traces, while shaded symbols signify the

deficits based on measurements from the time interval counter. The scatter

in the data is due partly to errors in the measurement of the elapsed times,

i " particularly for the cases involving oscilloscope traces. The scatter may

also be due to the three-dimensional pulsating nature of the front which

could introduce variations in tne elapsed time between neighbouring trdns-

ducers. The curve through the data is based on Dabora's (1963) version of

Fay's (1959) "nozzle" analysis. Briefly, the conservation equations are

solved for flow through a quasi one-dimensional reaction zone with heat

addition and drea increase. The gas is assumed to be calorically and

thermally perfect, and the heat release is assumed to be the same whether

p there exists an area change or not. If the pressure prevailing throughout

the reaction zone is assumed to be close to the C-J pressure, the analysis -i

gives the following expression for the velocity deficit:

AV i ( ) (5-2) "

" VC- d  (I1- v)2 + y2
2 (2 v -v 2 )

where v = I(1 + -(2)/(1 + ) Here, Y2 is the ratio of specific heats of

the detonation products. A detailed description of Dabora's velocity

deficit analysis is given in Appendix C.

The curve plotted in Figure 51, corresponding to Equation (5-2) and d

typical value of Y2  1.2, is seen to describe the trend of the present data
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quite well. If we had chosen a smaller characteristic chemical kinetic

length (e.g., the induction-zone length) over which to CdlCuldte the ared

increase due to the motion of the yielding walls, the data would have fallen

well below Dabora's (1963) theoretical line. On the other hand, nad we

selected the hydrodynamic thickness of the wave [i.e., - 2 - 4 cell lengths

according to Edwards et al. (1976b)] over which to compute the area in-

crease, the data would have sat well above Dabora's curve. From this

observation, we can draw the important conclusion that the three-

dimensional, nonsteady cellular front can be treated satisfactorily in d

one-dimensional sense if it is assumed to have an effective thickness of L

In essence, the good correlation between the data and the theoretical curve

is independent evidence that our selection of L as the controlling che,.icdl
C

kinetic length in detonative propagation is probably correct.

It should be noted that the existence of an area increase implies a

deficit in other detonation parameters as well (e.g., the C-J pressure,

temperature, etc.). These parameters are important in the present study

because the motion of the yielding walls depends on them. An iterative

approach must be taken in order to arrive at the area increase and the sonic

conditions which are interconsistent. This approach has been adhered to in

the computations carried out in Chapters 4 and 5. The calculation of these
p "modified" sonic conditions is described in Appendix C.

Velocity Deficits Reported by Other Investigators

Figure 52 shows a similar plot of AV/VC J versus for the data re-

ported by several other authors. These data cover a wide range of mixture

coai-position, initial mixture pressure, geometry and mechanism responsible

for the expansion. Included are the data of Edwards et al. (1963), Bruchet

(1966) and Renault (1972) for deficits resulting fruoh viscous boundary

layers in rigid circular tubes. Also shown are the related data of boisleve

(1970) and Renault (1972) for boundary layer growth in rigid tubes of rec-

tangular cross section. For the above configurations, the boundary layer

displacement thickness 6* estimated by Fay (1959) using Gooderum's (1958)

boundary layer correlation has been used:
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6* = 0.22x (pe/PiUl) 0.2

where P1 and u are the density and the velocity of the gas entering the

front, and p e is the dynamic viscosity of the gas at the edge of the
* boundary layer a distance x behind the front. The viscosity, assumed to be

that corresponding to tUe C-J temperature, was taken from Weast and Astle

(1979). When data were not available for the temperature range of interest,

the viscosity was estimated by fitting a curve of the formi suggested by

Sutherland [e.g., see Chapman and Cowling (1970)1 to the available oata and

subsequently extrapolating to the temperature required.

The results from Dabora (19b3) shown in Figure 52 are for a rectangular

column of gas bounded rigidly on three sides and by an inert compressible

gas on the remaing side. For the purpose of calculating the stream tube

area increases, the explosive/inert interface oeflection angles computed by

Dabora have been used. The influence of ooundary layer growth on the three

confining walls has also been accounted for using the displacement thickness

correlation described above. It should be noted that the data of this

author have been reprocessed so that the deficits are now quoted with re-

spect to the theoretical velocity rather than to the measured velocity in a

tube of the sane dimensions but with no side relief. In fact, two velocity

deficits have been deduced frnil each of Uabora's data points; one related Lo

only the boundary layer growth in the rigid channel, and the other related

to the compressibility of the inert ooundary gas in conjunction with boun-

dary layer growth on the rigid walls.

The cell sizes required fir the above described calculations have been

obtained from various sources. Those for low-pressure stoichiometric

C3 H8 -0 2 and C2H4-0 2 mixtures, and for the stoichiometric H2 -02 mixture at

atmospheric pressure, have oeen deduced froi the 13x correlation using te

critical tube diameter data of Mdtsui and Lee (1479). The 13X correlation

has also been employed to estindte the cell siwL for the stoichiometric

I C3 H8 -0 2 -N2 systeii at one atnosphere, but usiny the critical tube diameter
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data reported by Knystautas et al. (1982). To the author's knowledge, no

cell size data are available for off-stoichioietric H2- 2 mixtures at atnos-

pheric pressure. However, estimates have been iiade based on the stoichi-

oretric H2-U, cell size and the assuiption that the ratio of the cell size

to the induction-zone length is independent of composition. For this pur-

* pose, the induction-time formula of Schott and Kinsey (1958) has been used:

loglo (TLO 2 ]) = -10.647 + 3966/T (5-4)

where T is in seconds and [02] and T are the post-shock oxygen concentration

(moles/l) and the temperature (K), respectively.

When the velocity deficit data reported by boisleve (197U) and Renault

(1A72) were initially plotted, it was found that the intercept did not pass

through zero as tVe area increase C tended to zero. In the plot of Figure .

52, these data have been shifted downward by a fixed amount (on the order of

one percent ar shown in the inset tables of Figure 5?) deemed necessary in

order to recover the intercept. It is felt that this procedure can be

justified in terns of the experimental error. In fact, the results reported

by these two authors for identical mixtures in identical tubes differ by

pabout one percent.

As was the case in Figure 51, the theoretical line given by Dabord

(1963) describes the trend of the data quite well with the cell length Lc

assumed to be the relevant chemical kinetic length. The limiting area

increase of about 20% apparent from the figure is also in good agreement

with that observed in the present small-scale and large-scale (Chapter 4)

tests, suggesting that our philosophy may have universal application.

The maximum velocity deficit apparent in both Figures 51 and 52 is

about 10%. Edwards et al. (1979), in their diffraction study using

low-pressure oxyacetylene mixtures, attempted to relate the existence of a

maximum 10% velocity deficit to the Shchelkin (1959) instability criterion.
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According to Shchelkin, if an increase AT occurs in the relevant steady-

state chemical kinetic time T such that

At > (-5)

i then the front loses stability and fails. If T is dssumed to be of the funi

= kp- 1 exp(E/RT), (5-6)

(which it has been throughout the thesis) where k is a kinetic rate factor,

with p and T the post-shock density and temperature, respectively, then the

Rankine-Hugoniot relations for a normal shock can be combined with the above

expression for the chemical kinetic timne to obtain
1W

AT AM ( 2 + (y-1)M 2 (E/RT)

" -2 .1(5-7 )
-" TM 2 + (y- l)M2

Assuming typical values for the activation energy E of dU kJ per mol e,

T = 2000 K and M = HC._ 6, these authors showed that the inequality

become s

... . - . (5- )

Thus, if the velocity of the plane detonation falls below the C-J value by

about 10t, the wave fails. Although the activation energy is generally

higher and the Mach number and temperature lower fur fuel-air mixtures, the

result given by Equation (5-8) is found to be approximately true for these

mixtures as well. The analysis is therefore consistent with the present

data.

5.3.5 Limitations of the Stream Tube Approach

'A'

A final point of interest was noted by the author while plotting

(Figure 52) the velocity deficit data of Brochet (196b) for propagatiorn in

rigid circular tubes of various diameter. It was observed that the i.aximur,.

U'AA F
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reported deficit for any given tube became smaller as the tube diarieter

W became larger. Upon closer examindtion of the datd, it was evident tildt tile

limiting deficit corresponded to the condition of si igle-head spin. Differ-

ent limiting deficits for different sizes of tube can be explained in terrs

of the following argument. Consider single-head spin in a tube of di ameter

D in which the displacement thickness of the boundary layer is 6* a distance

Lc aft of the shock. Now, if both the tube diameter and the cell length dre

doubled so that the mode number of the detonation rei~ains unchanged (i.e.,

still single-head spin), it will be noted that 6* does not double but rather

increases by d factor of only 1.74 since 6* varies as x° - 8 for the turbu-

lent boundary layer. This means that the fractional increase in the stream

tube area, evaluated over one cell length, is smaaller for the larye tue;

i.e. , only 87% of what it is for the small tube. Thus, a correspondingly

smaller velocity deficit will exist. Note that, for the case of an acceler-2

ating wall, the opposite is true since 6* varies approximately as x A

possible consequence of the nonlinear growth of the boundary layer ittay be

that one of two physical mechanisms govern the propagation limit in rigi"

tubes. For large tubes, in which the influence of boundary layers is iini-

mal, the limit is due to the loss of stability in the coupling between the

spin structure and the tube walls. For small tubes, in which boundary

layers become increasingly important, there exists a maximum rate ot gdS-

dynamic expansion for which the chemical reaction can be sustained, regara-

less of the detonation mode number.

: :: 5.4 Smnary,

The labordtory study described in this chapter involved the propagation-

of stoichiometric CH12 -02 -N2 detonations in square tubes (62 anl by 62 ;&1)

consisting of a combination of rigid (steel) and yielding (paper or plastic)

walls (Figures 4b and 47). The rate of gasdynamic expansion imposed on the

wave was controlled by varying both the number of walls which were allowed

to yield (1, 2 or 3) and the density of the yielding wall material. The

global rate of chemical reaction Was regulated by aojusting the nitrogen-

to-oxygen ratio 6 and trus the cell size characteristic of the nonsteady,

three-dimensional detonation front (Figure 48). Smoked plates running the
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full length of the test section (attached to one of tne rigid walls) were

used to determine the success or the fdilure of propagation (Figure bj).

Detonation velocities were deduced from the times of arrival of tne wave

at the pressure transducer locations along the test section. Froii these

velocities, the deficits AV/Vcj under supercri tical conditions were

calculated.

As was the case in Chapter 4, the fractional increase in the area of

the post-shock "stream tube", evaluated over a distance of one cell length

L relative to the shock, was used to quantify the competition between thec
rates of gasdynamic expansion and chemical reaction. The stream tube area

increase was again estimated by calculating the trajectories of the yielding

walls, under the influence of the passing wave, using the mnethoo first pro-

posed by Meyer (195b). Two important conclusions have been drawn from the

data. First, the critical conditions for propagation appear to be charac-

terized by a fractional increase of about 20% in the stream tube area (Table

V). This conclusion is in agreement with the results from Chapter 4 for

. ethylene-air detonations propagating in large-scale yielding polyethylene

tubes of circular cross section. Second, the measured velocity deficit

AV/Vc_ appears to be a unique function of the stream tube area increase

under supercritical conditions (Figure 51). Furthermore, the theoretical

relation between the velocity deficit and the expansion occurring within the

reaction zone of the wave, as derived by Dabora (1963) using the quasi one-

dimensional "nozzle" analysis of Fay (1959), is seen to describe the present

correlation between AV/Vc _ and C quite well. This is independent evidence

that the effective one-dimensional thickness of the detonation front is

indeed about one cell length.

For the test section with three rigid walls and a yielding boundary on

top, calculations show that the critical channel height becomes about 2.5

as the density of the yielding wall material tends to zero (assuming the 2u,,

maximum stream tube area increase continues to hold in the liiit of a van-

ishing wall). This result is substantiated by the data of Jabora (iub3)

which reveal that the critical thickness of an oxyhydrogen layer (stuichi-

ometric composition at atnospheric pressure) bounaed by nitrogen is abuut
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2.8X. This would be the approximate thickness required for a cloud sitting

on the ground to be detonable.

When the velocity deficits reported by many other investigators for a
wide range of conditions are analyzed in light of the present philosophy,

all of the data are found to collapse onto a single curve (Figure 52).
Included in the analysis are the data of Edwards et al. (1963),

Brochet (1966) and Renault (1972) for deficits resulting frow boundary layer

growth in rigid circular tubes. Also included are the related data of
Boisleve (1970) and Renault (197?) from experiments in rigid tubes of
rectangular cross section. The results of Dabora (1963) for a rectangular

column of gas bounded rigidly on three sides and by an inert compressible
-.- gas on the remaining side are seen to be consistent with the present

philosophy as well. The good agreement among the data, bearing in mind the
many different experimental configurations and techniques employed, suggests

that the stream tube concept, incorporating a relevant chemical distance on
the order of the cell length, may have universal application in the
description of supercritical detonation phenomena.

The velocity deficit data of Brochet (1966) for propagation in rigij
circular tubes have demonstrated that failure can occur for a stream tube

area increase less than 20% if the cell size approaches the transverse

dimension of the test volume. In other words, the stream tube approach
breaks down when the intricate details of the interaction between the struc-

ture and the boundaries become important (i.e., when the phenomenon of
acoustic coupling becomes significant).

° ..
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6.0 DIRECT INITIATION OF DETONATION IN ETHYLENE-AIR MIXTURES*

6.1 Introduction

The geometries studied in Chapters 4 and 5 were of d type such that tne

flow aft of the shock was globally steady when viewea in shock-fixed co-

ordinates. This ,neans that the gasdynamic expansion imposed on each stream

tube of particles entering the front was invariant with time. In the case

of a diverging wave front this is not true; the severity of the expansion is

a decreasing function of the shock radius R For a small radius, the post-

shuck stream tube undergoes a more rapid expansion than it does at a

relatively larger radius. Thus, the competition between the yasdynainic

expansion and the chemical reaction is a function of R /A, where A is some

distance which characterizes the rate of reaction [e.g., as shown by Sichel

(1965)]. Along these lines, the reactive blast wave calculations by Bach et

al. (1971) have been successful in demonstrating that the critical radius ""

for the initiation of a spherical oxyacetylene detonation is about 8.2

£reaction-zone lengths A. In keeping with our earlier conclusion that the

effective reaction-zone length is approximately equal to the cell length Lc ,

it is likely that there exists a critical normalized shock radius Rs/Lc

beyond which the gasdynamic expansion is mild enough for the reaction zone

to always remain coupled with the shock. In this context, the role of the

initiation source may simply be to support the wave until such time that

self-sustenance is possible.

This chapter reports on the results of a large-scale test series to

determine the critical energy for direct initiation of spherical detonation

in ethylene-air mixtures. The measured critical energies are found to be in

good agreement with those reported by others, and with those predicted by a

modified version of Lee and Ramamiurthi's (1976) "kernel" theory in which the

critical shock radius R* has been chosen to be consistent with the concept. s :

*The experimental results described in this chapter have been published in
the proceedings of the Seventh International Symposium on -ilitary
Applications of Blast Simulation, held in Medicine Hat, Alberta, 13 - 17
July, 19b1. Authors: Murray, S.b., Moen, 1.0., Gottlieb, J.J., Lee, J.H.,
Coffey, C.G. and Reinboutsikas, U.
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of a maximum stream tube area increase. When the model is applied to other

detonative systems, the predicted variation of critical energy with compu-

sition is seen to describe the experimental results of many investigators in

a satisfactory way.

6.2 Experimental Details

The tests were performed in plastic bags 10 m long with a cross-

sectional area of 1.83 in by 1.83 m, constructed by wrappinj 3.5 miil thick

polyethylene sheet around a rectilinear lattice frame asseibled from ex-

-truded aluminun tubing and cast aluminum corner fixtures. The frame was

supported in a manner such that one side of the test section was always in

contact with the ground surface. The ignition end of the bag was covered by

a square sheet of 7 mm thick plywood having a circular central hole in which

the initiator charge was mounted. The opposite end of the bag was sealed by

drawing the polyethylene material into a neck around the fuel flow line and

securing it with nylon cord. Schematic diagrams of the test facility aria

the bag construction are shown in Figures 53 and 54, with selected photo-

graphs of the apparatus included in Figure 55.

The desired gas mixture was prepared by continuous flow of regulated

quantities of ethylene (CP grade, 99.5t pure) and bottled dry air through a

specially designed mixing chamber. Flow rates were controlled by dual-

stage, industrial regulators and monitored by standard, ball-type rota-

meters. The supply mixture was distributed throughout the bag by meains of a

perforated plastic tube aligned down the central axis of the bag. Homogene-

ity of the test mixture was achieved through convection and diffusion. The

compositions of the supply m ,ixture and the test mixture at three positions

in the bag were examined at regular intervals using an infraree analyzer

which was calibrated in the manner described in Chapter 3. One gas samIpling

port was located at each end of the bag (close to the axis), with a

third port positioned about half way down the bay (near the periphery).

Uniformity of the mixture co,,iposition prior to ignition was always within

±U.It C2H. Typically, gas filling was carried out in two stages. In the L

first stage, a supply mixture having twice the fuel concentration ultimately
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desired was flowea at the inaximuJIn possible rate of ZbU liters per minute fur

dpproximately ZU minutes. Subsequently, in stage two, the composition of

the supply mixture was adjusted to that desired in the Dag. Since fine

tuning of the composition was done by trial and error, overall flow times

were vdriable, ranjing from 70 to 180 minutes. The average flow time Wds

about 90 minutes.

The initiator charges consisted of circular discs of high-explosive2

Dupont "Detasheet" (density of 1.56 kg/m with b3% PETN ana 7% NC). Initi-

ation of detonation in the charge was achieved by a standard No. 12 electric

- detonator mounted near the centre of the chdrge. The initiator energy was

varied by using discs of different mass W. The equivalent mass of tetryl is

approximately 0.98W (Bull, 1979).

Three types of instrunentation were used to recora the details of the

initiation and propagation in the bag. A high-speed "Hycam" camera with

framing rates between 1000 and 7UUU frames per second was used to obtain a

cinematographic record of each event. The time of arrival of the wave at

various positions along the axis of the bag was monitored by nine

ionization-gap probes mounted on a rod down the centre of the bag The

signals from these probes were recorded on magnetic tape using an analogue

recorder (Ampex FR1300). The positions of the ionization-gap probes are

shown in Figure 54. Also shown in this figure are the positions of eiyht

pressure transducers (PC6 113A24) which were housed in explosion-proof boxes

fastened to the lattice frame mneibers. Pressure signals from six trdns-

ducers were recorded on magnetic tape using a 7 channel analogue recorder

(Racal Thermionic Store 7D). Signals from the other two transducers were

displayed on an oscilloscope (Tektronix 7623A). Proper timing of the events

was accomplished by having the camera activate the firing circuit for the

detonator. The time of ignition (det zero) was also recorded on ,,aynetic

tape as a reference.

A total of 11 experiments were carried out.
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6.3 Experimental Results and Discussion

6.3.1 High-Speed Cinematography of the Initiation Phenomenon

Selected frames from a high-speed cinematogrdphic record, showing un-

successful initiation of detonation in an etnylene-air mixture with b.40-.

- C2 H, are included in Figure 56. Failure of the hewispherical blast wave

from a 9 g Detasheet charge to initiate detonation is clearly seen. Suc-

cessful initiation of the same mixture, but with a larger 18 g charge, is

shown in Figure 57. The first few fraines of tnis latter sequence show the

initiation of a detonation wave which grows in a spherical manner until the

bay boundaries are reached. The subsequent propagation of a slightly curvea

detonation wave extending over the entire cross section of the bag can be

seen in the later frames. This detonation wave propagates at a constant

velocity near the C-J value of 1820 m/s. Similar direct initiation and

subsequent propagation at a constant velocity were observed in all ethylene-

air mixtures near the stoichiometric composition (i.e., near 6.54% C2 H,. in

C2 H-air).

6.3.2 Velocity Deficits and Oscillations

At a leaner concentration of 3.90% C2 H4, strong periodic oscillations

in velocity were observed. A comparison of the propagation velocities mea-

sured at various positions in the bay for detonation waves in nixtures

containing b.40%6 C2 H and 3.90U C2 H4 is provided in Figure 5d. The tup

profile, for 6.40% C2 H , shows the velocity increasing monotonically from a

local minimum to a velocity very near the C-J value. The reason why a velo-

city deficit is not observed in the propajation phase is probably because-

the relative stream tuue area increase & is very snall. When a calculation

of the type descrioed in Chapter 5 is carried out, assuming yieloiny boun-
2

daries (W/A = 0.077 kg/m ) on three sides of the square cross section, the

area increase is found to be about 0.95,. over the small cell length (i.e. ,

~ 50 mm) characteristic of mixtures near stoichiometric composition. Tne

corresponding velocity deficit AV/Vc J given by Dabora's (19b3) theory is

less than 1 which, in practical tertns, cannot be discerned using the pres-

ent diagnostic techniques.
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The bottom velocity profile in Figure 58, corresponding to an ethylene

.g concentration of 3.90%, exhibits large ex cursions in velocity which appear

to dampen out as the wave approaches the end of the bag. Although difficult

to establish with any precision, it would appear that the resultant velocity

becomes steady somewhere in the range of 1450 - 1500 m/s. If this was the

CdSe, the observed velocity is in good agreement with that predicted from

the calculations. For the cell length of 313 rm characteristic of this

mixture (see Figure 24), the computed stream tube area increase C is 14.3w.

The corresponding velocity deficit from Dabora's (1963) theory is 7.9 ,,,

giving a propagation velocity of 1480 m/s, which lies in the middle of the

above noted range.

The mechanism responsible for the oscillations in velocity is not

understood. One possibility is that the "galloping" behavior is the result

of an interaction between the wave and the boundaries, similar to that ob-

served in the experiments of Chapter 4. Recall that in these earlier tests,

a detonation wave propagating at the critical stream tube area increase of

2U% could be quencheo if it was perturbed at the boundary by obstacles

spaced about 5Lc apart. In the present initiation experiment, the area

C.: increase of 14.3o is less than the critical one. Furtiermore, the 122U mm

spacing between the lattice frame members gives an effective obstacle

spacing of 3 . 9 Lc , which is smaller than the critical spacing noted in Chap-

ter 4. In fact, when additional calculations are carried out to determine

the cell length that would be necessary for & to achieve a value of 2U'0, the

corresponding effective hoop spacing is seen to reduce to 2.9L . Thus, it
c

would dppear that the mechanism responsible for the excursions in velocity
described in Chapter 4 is, in all likelihood, not at work here.

The results from the recent initiation experiments conducted by

Elsworth et al. (1983) may provide another explanation. These authors used

tetryl charges to determine the critical energy for direct initiation of

spherical detonation in subatmospheric C2H6 -O-N_ mixtures. Using radially

aligned smoked plates and streak photography, they were able to show that,

for d mixture having a chdracteristic detonation cell length of 4U rm, the

reaction front galloped for severdl cycles in the critical energy regimu.
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The first acceleration of the reaction front commenced at a distance of

about 275 mo (i.e., Rs  b.9L ) fruo thQ charge centre. This behavior was

attributea to d precess called "flashing" by Ul'yanitskii (1980), in which d

flame appears in the induction region between the separated shock and tne

reaction zone following spontaneous ignition of the post-shock mixture. It

is possible that the first gallop marks the radial position at which the

gasdynamic expansion becomes mild enough for the shock wave and the reaction

zone to remain coupled without the assistance of tie initiator charge.

Bull et al. (1978) reported a similar galloping Dehavior during crit-

ical initiation in stoichiometric ethylene-air mixtures. Using imicrowave

interferometry, a minimum in velocity was observed at a radial position of

about 320 mm, followed by a series of velocity oscillations during a rapid

acceleration of the reaction front toward the C-J velocity. Using a cell,w
length of 47 mm (see Figure 24) the radius R at which acceleration of the

front and "attempts to couple" commenced is 6.8Lc , which is in good

agreement with the result of El sworth et al. (1963).

In the present initiation experiment with 3.90', CA2H4 in C2 H4-air, the
radius at which the minimum in velocity occurred is about 31UU rum or 9.9L

c
Although this value is somewhat larger than those deduced from the ddtd of

both El sworth et al. (19t3) and Bull et al. (1978), we have no way of know-

Uiny just how close conditions were to the critical ones, since only a single

initiator charge mass was investigated for the mixture composition in ques-
tion. Elsworth et al. have reported that galloping is possible, for a given

charge mass, over a narrow range of mixture compositions near tile criticdl
one. Hence, it is possible that the galloping phenomenon evident in Figure

58 is a slightly supercritical case of the reaction zone attempting to

couple once the initiating shock wave decays to some critical velocity

around the C-J value. This occurs at a radius somewhat larger tnan tie

critical one.
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6.3.3 The Critical Energy for Direct Initiation

A summary of the critical energy results is shown in Figure 59. The

present field test data are in good agreement with the results of Bull et

al. (1978, 1979a) and Pf6rtner (1977), and with the recent, unpublished data

of Elsworth Las cited by Uonato (1982)1 obtained from experiments in a

closed detonation chamber. The results of Hikita et al. (1975) are in fair

agreement with both the present and other available data.

Wave Front Curvature and the Stream Tube Area Increase

In Chapters 4 and 5, it was concluded that a detonation wave will be

self-sustained provided the gasdynamic expansion is mild enough so that the

reaction zone can reidin coupled with the frontal shock complex. Quanti-

tatively, the condition for sustenance was that the increase in the cross-

sectional area of a "stream tube" of particles entering the shock front

could not exceed 20,( at the time such particles had migrated one cell length

rearward of the shock. Now in the present case of a diverging spherical

wave, the gasdynamic expansion becomes less severe with increasing radius.

Tnus, it should be possible to identify the shock radius for which the crit-

ical chemical-gasdynainic balance is realized. Consider an expanding wave of

radius R and surface area k Ri where j = 0, 1 or 2 and k 1, 211 or 4-n fur

planar, cylindrical or spherical geometries, respectively. Assumi ny that
C-J conditions prevail throughout the reaction zone, the particles entering

the shock migrate rearward a distdnce L in time At L c/C But during

this period, these particles achieve a radius of ( s+ JC-JAt Therefore, the
relative increase in the area of the particle surface (i.e., the relative

stream tube area increase) is

[Rs + (U d/CC )LJ- R.= .-___ - C s__ (b-I)

Noting that Ucd/Ct>j = PC-d/Po - 1 and rearranginy Equation (6-1) gives the

Wnormalized shock radius in terms of the area increase F. That is,
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R P /P -11
s _ -J 0 (6-2)

Lc  [(z + o)/ 11

For the 1 imi ting area increase of U.2 and a typical value for pC-j/pO of

1.8, the above equation gives critical radii of R* = 4Lc and R* = 8.4Lc for

j = I and j = 2, respectively. In this context, we could look upon the role

of the initiation charge as keeping conditions above C-J conditions until

such time that the wave attains a radius for which the expansion is mild
enough so that the reaction zone remains coupled with the shock. It should

be noted that Rs becomes zero for j = U. This simply reflects the fact that

the stream tube area increase for planar geometry is not a result of tile

-. front diverging. As discussed in depth in Chapters 4 and 5, the expansion

occurring within the reaction zone of a wave propagating in a constant dia-

meter duct is brought about by much different mechani ss (e.g., boundary

layer growth, compressible or yielding boundaries, etc.).

The calculated minimum spherical radius of 8.4L is entirely consistent
c

with the earlier observation (Chapter 2) from the critical tube diameter

experiments. Recall that critical reignition was seen to occur behind an

approximately spherical shock wave of radius 11.5x. It also ties in well

with the streak photographic observations by El sworth et al. (1983) and the

interferometry results of Bull et al. (1978) which reveal that the reaction

zone rdces ahead once it achieves a radius of 6.8 - 6.9L c . In Chapter 4, it
c

was estimated that the reaction front lagged behind the shock front by a

distance of approximately 1.3L at the moment it was seen to accelerate in
c

an attempt to couple with the shock. Assuming the same to be true in the

initiation experiments, the critical shock radius would be about 8.1 - 8.2Lc

There also exists some evidence to support the calculated critical
cylindrical radius of 4Lc noted above. Recall from Lhapter 2 that the mini-

muim radius for which a cylindrical wave appeared to be self-sustained was

approximately b. In these earlier experiments, the role of the reflected

shock may have been similar to that of the initiator charge in the present

tests; namely, to support the wave until self-sustenance becomes possible.

The cylindrical initiation experiments carried out by Lee et al. (1974)
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provide additional support. These authors measured the distdnce-time iii
trajectory of the shock front during critical initiation by an exploding

wire in low-pressure (100 Torr) stoichioinetric oxyacetylene mixtures. When

compared to that of a shock wave in air (produced by the same discharge of

energy), the trajectories were seen to depart rather distinctly at a radius

of about 5 mm. Assuming this departure to be associated with the rapid

acceleration of the front following critical reignition, and using a cell

length of 1.3 rmm inferred from the critical tube diameter data of Matsui and

Lee (1979), the critical radius would be about 3.8L
c

The "Kernel Theory" in Light of the Stream Tube Criterion

Knowing the critical radius required for self-sustained detonation in a

given geometry, it is possible to calculate the mininum energy for direct

initiation. The following derivation is very similar to the one presented

by Lee and Ramamurthi (1976) in their attempt to evaluate the minimum size

of a detonation "kernel". Consider a rapid ana localized deposition of
energy E (t) into a combustible mixture. At any point in time, the conser-

S
vation of total energy enclosed by the shock wave gives

R(t) A R (t)
E WPU d + k_ kr dr (6-3)

f 2 -1i

0 0

where Q is the chemical energy per unit mass, p, U, P and y have their usual
meaning, and A is the relevant reaction-zone length. The first term on the

left-hand side of the equation denotes the energy deposited by the source up

to time t, while the second termn represents the chemical energy released

through combustion. The sum of the source and the chemical energies goes

into both the kinetic and the internal energies of the gas bounded uy the

shock wave of radius R (t) [i.e., the integral on the right-hand side of the
s

equation]. In Equation (6-3), we have neglected the initial internal energy

of the gas
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R (t)
f poe kjr Jdr

I 0

since it is negligibly small in comparison with the chemical energy released

through combustion. Making a straightforward transformation to dimension-

*111 less variables 4, @, f and 4, we may write

I A/R

E (t) ok R - Q dC (6-4)
0

*.2
where £p = P/po, p = U/ s' f = P/p o R = r/R s(t) and I is the dimensionless

energy integral
1 2I ±L + 2 f 1 (6-5)

f_ 2 y_-

0

As noted by Lee and Ramamurthi (197b), the integral given by Equation

(b-5) is not particalarly sensitive to the details of the flow distribu-

tions, provided the boundary values are the same. The value of I calculated

by the strong shock similarity solution, the power law density profile

method and the similarity solution for a sub C-J detonation are almost

identical and inatch the asymptotic value of I given by Equation (6-4)

when R (t) + w and E (t) becomes negligibly small; that is,
5 5

Q. (6-b)
2 2

(i + I)Mc Co

In keeping with our earlier observations that the reaction front lags

behind the shock front by a distance approximately equal to the cell length

Just prior to critical reignition, A in Equation (6-4) will be set equal to

L . The mass integral in that equation can then be evaluated by writing
c
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1 L /R5  1 1

f id f Ldl f 14 Mk )dd (6-7)

0 0 1 -L/R

- Since the density ratio across the shock p s/po is fairly high, most of the

q mass is concentrated in the vicinity of the shock itself. We may therefore

assume the density profile in the post-shock region to be of a power law

form:
'. q(Ms

"( , Ms) = *(1,M s) , (6-8)

where the exponent q(M ) is determined from the mass integral to be

q(Ms) = (j + 1)[0(1 Ms) -1 1 (6-9)

so that the total mass enclosed by the shock is conserved at all times.

Substituting Equations (6-6) through (6-9) into (6-4) gives

0E c + ( 1. (6-10)
1 MP 0 [q+j+1Jl R )

Equation (6-10) can be used to predict the critical energy for direct

. initiation once the critical shock Mach number M* has been specified.

Several experimental observations may be useful in this regard. Edwards et

al. (1979), for example, have examined the centreline velocity of a detona-

tion wave diffracting from a channel under critical conditions and found

on fromi streak photographs that it dips to about O.6MC J before the reinitiated

front begins to accelerate. Ungut et al. (1983) have carried out a similar

study on the diffraction of ethane-air and propane-air detonations from a

circular tube. In their tests, the minimum centreline velocity, measured

using a multibeam laser Schlieren time-of-arrival system, was found to vary

between 0.5M and 0.7M . In the critical initiation experiments con-
C-J c-J'

ducted by Elsworth et al. (1983), the velocity profile along a radius

from the charge was examined by streak photography, laser Schlieren

anemometry and microwave Doppler velocimetry. The minimaum velocity was seen
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to lie in the range from O.6Mc J to U.8M prior to the front reinitiating ,

itself.

The three studies mentioned above reveal quite a variation in the mini-

mum velocity of the front. A more appropriate criterion for selecting the

critical Mach nunber may be established by appealing to the similarity

between the critical reignition process in initiation and transmission prob-

lems and that which occurs on a smaller scale toward the end of an indivi-

dual detonation cell. Detailed experiments by Strehlow and Crooker (1974)

and by Libouton et al. (1981) have shown that the Mach number of the shock

wavelet in the cell drops to about 0.7Mc_ prior to the explosive recoupling

of the reaction front with the wavelet. Tnis value lies in the range of

minimum Mach numbers observed in the initiation and transmission stuuies.

Apart from the selection of the reaction-zone thickness, the present

formulation differs from the oriyinal kernel theory in two ways: i) the

critical radius R* is drawn from observations about the maximum stream tubes
area increase, rather than being arbitrarily defined ds the radius for which

the source and chemical energies are equal, and ii) the critical Mach nLxI-

ber M is that observed during critical reignition at the end of a detona-

tion cell, rather than that which yields a post-shock temperature

representing the auto-ignition limit for the mixture. The changes to the

I original kernel theory spelled out above essentially remove the "static"

balance condition advocated by Lee and Ramamurthi (i.e., that the source and

chemical energies be equal) and replace it with a balance condition which is

more representative of the "dynamic" competition ongoing within the cellular

front.

The solid line through the data in Figure b9 is based on Equation

(6-lu) with R= 8. 4 Lc and M= O. 7 MCj. The Gordon and McBride (197b)

chemical equilibrium computer program has been used once again for evalu-

ating the detonatiun parameters. The cell length Lc is based on the criti-

..
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cal tube diameter measurements presented in Chapter 3. Although tne curve

describes the trend of the data rather well, particularly for lean coiposi-

tions, it represents only 37'k of the energy given by Equation (6-10). That

is, the equation overpreoicts the required energy by a factor of about 2.7.

Other Models for the Critical Energy

Also shown in Figure 59 is a theoretical curve based on Lee and

Matsui's (1976) "work" model. These authors reduced the critical tube

diameter Dc to an equivalent critical energy E by assuming that the enery

delivered to the gas in the unconfined region is via the compression work

done by the interface separating the expanding combustion produts in the

tube and the quiescent gas in the larger volume. Their dnalysis gives

Ec  U (6-11)

24Cc_

However, as with Equation (6-IO, the required energy for direct initiation

is overpredicted. The curve shown in Figure 59 represents only 17,, of the

energy given by the model. More recently, Lee and coworkers (1981, 198z)

have proposed a "surface energy" model for the prediction of the critical

energy. Essentially, the model assumes that the smallest patch of detond-

tion wave which will successfully transform into a spherically expanding

detonation is that corresponding to the cross-sectional area of the critical

tube. By equating this area to the surface area of a blast sphere, a

critical radius is first identified. Strong blast theory is then used to

estimate the en rgy required to give a C-J strength shock at this critical

radius. The model yields the expression:

E 2196 p (6-12)

which is depicted by the dashed curve in Figure 59. This model has trie

advantage of not requiring a constant of proportionality in order for the
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theory to describe the experimental data. It should be noted that Equations

(6-10) and (6-12) are very similar. For a given geometry, the second term

inside the curly brackets of Equation (6-10) is essentially constant.
2 2

Setting MCj Q/Col(j + 1), and using the definition of the speed of sound

and the perfect gas law, Equation (6-10) can be transformed into Equation

(6-12) with only the numerical constant being different.

Figure 6U is a summary of available initiation energy data for fuel-air

. mixtures at atmospheric pressure. All of the points on the graph are direct

measurements except that for the stoichiometric methane-air mixture. The

initiation energy of 22 kg is an extrapolated value based on experiments

employing diluted methane-oxygen mixtures. The four curves through the data

for the fuels H2 , C2 H2 , C2 H and C3H8 are based on Equation (6-10). The

critical tube diameter correlations reported by Moen et al. (1983) have been

used to infer the cell lengths. The constants of proportionality (vdlues

of k on the graph) required to make Equation (6-10) describe the experi-

mental results show that the measurea energies are between 14% and 58% of

the predicted ones, depending on the fuel. This means that, with k = 0.29,

it is possible to predict the initiation energy to within a factor of about

two using Equation (6-10). There does not appear to be a trend in the value

of k with the relative sensitivity of the fuel, suggesting that other fac-

tors may play a role in determining the obsolute sensitivity. The recent

observations on transmission by Edwards et al. (1981b) and by Moen et al.

(1983) give rise to speculation that the cell regularity may be important in

this regard.

6.5 Sumary

This chapter reports on the results of a field investigation to deter-

mine the critical energy for direct initiation of ethylene-air mixtures in

large plastic bags simulating an unconfined region (Figure 55). The

initiator energy was varied by adjusting the mass of high-explosive PETN

charges. Pressure transducers ana ionization-gap probes (Figure b4) showed

tnat, in the critical energy regime, the wave "galloped" for several cycles
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in a manner similar to that observed in the critical energy experiments of

others [i.e., those of Bull et al., (1978) using C2H4-air mixtures, and
those of Elsworth et al. (1983) using C2H6- 2 -.N 2 mixtures. These gallops

(Figure 58) are attributed to a process known as "flashing" in which

reigniition occurs in the post-shock induction region, leading to an

overdriven wave which catches up to and coalesces with the runaway frontal

shock (Ul'yanitskii, 198U). The radius at which the first gallop occurs is

found to be close to the critical radius of Rs  8.4Lc for a spherical

detonation wave, based on the 2U% maximum tolerable stream tube area

increase E noted in Chapters 4 and 5. This observation suggests that the

role of the initiator charge may simply be to maintain the wave until the

gasdynamic expansion becomes mild enough for the reaction zone to reiiain

coupled with the shock once it decays to some critical Mach nitber.

The "kernel" theory, as originally formulated by Lee and Ramnanurthi

(1976), has been reworked in an effort to predict more successfully the

critical energy for direct initiation. Assuming the detonation cell length

j L to be the effective reaction-zone length, two modifications have been

made to the theory. First, the critical radius R* is based on the maximumi

2U' stream tube area criterion. This is in contrast to the original

formulation in which the critical radius was arbitrarily defined as that for

which the source and chemical energies are equal. Second, rather than

choosing the critical Mach number M* as that needed to yield a post-shock

tenperature above the auto-ignition limit, it has been set equal to the riach

number of 0.7M observed during critical reinitiation at the end of an
C -3

individual detonation cell. As with other models, the revised theory

overpredicts the required energy. However, if a curve corresponding to 37%

of the predicted energy is drawn through the data, the trend is well

described (Figure 59). When the model is applied to other fuel-air systems

(Figure b0), the same conclusion can be drawn except that a different

constant of proportionality must De used for each fuel-air system (i.e.,

the measured energies are between 14% and 58& of the predicted unes). The

reason for this is not clear, but it is suspected that the regularity of the

cellular structure may play a rule.
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7.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH

7.1 Highlights of the Individual Experimental Studies

Before tying together the findings of the present work into a cuherent

picture of detonation behavior, the highlights of the individual experi-

mental studies will be summarized.-_4

Chapter 2: The Critical Conditions for the Transmission of Planar
Detonation to Spherical or Cylindrical Detonation

4--

* Laboratory-scale tests employing low-pressure oxyacetylene nixtures
have shown that two modes of reinitiation are possible when a planar

- detonation wave emerges from a circular tube and transforins into a
cylindrical wave expanding radially outward between a pair uf parallel
plates. When the plate spacing w is large in comparison with the cell K
width X, "spontaneous reinitiation" commences in the vicinity of the
head of the expansion with the formation of reignition nuclei at a
distance of about 11.5X from the tube exit. For plate spacings between
5.7x and 11.5x, "reinitiation by reflection" takes place as reignition
nuclei are born near the wall opposite the tube exit in the wake of the
reflected wave. Transmission does not occur for plate spacings smaller

than 5.7x

* It has been found that the minimum radius of curvature for self- ""
sustained cylindrical detonation in oxyacetylene mixtures is about bk,
while for spherical waves it is about 11.5X or approximately twice as
large. Since the rate of post-shock gasdynamic expansion is propor-

tional to the rate of growth of the expanding detonation surface
A-1 dA/dR ( = I/R and 2/R for cylindrical and spherical geometries,
respectively), the difference in minimum radii by a factor of about two
suggests that the critical conditions in both geometries are a conse-

quence of the same chemical-gasdynamic competition occurring within the
cellular detonation front.

UNCLASSIFIED
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" The requirement for the diffracted wave to exceed some mininur, radius

in order for the chemical processes to survive the gasdyndmic expansion

has been proposed to be the basis of the 13X correlation linking the
critical tube diameter D and the cell width X. Asswiing that reig-

c
nition cannot take place once the rarefaction wave arrives at the tube

axis (a distance of 0.92 tube diameters from the exit, according to

equilibrium calculations for oxyacetylene mixtures), the critical sphe-

rical radius R and the critical tube diameter 0 are relateo bys c
R 11.5x = 0 . 9 2 D ; that is, D 12.5k.s c c

• Correlations have shown that the critical tube diameter for trans-

mission to an unconfined region, the critical plate spacing for trans-

mission to a cylindrical gap, the location of reignition for both types

of transmission, and the distances travelled by the diffracted wall

shocks during both types of reestablishment are all intimately linked

to the cell size. Tnese observations are convincing evidence that the

controlling chemical kinetic length in detonative propagation is on tie

order of the cell dimensions.

Chapter 3: Large-Scale Experiments on the Transmission of Planar Oetonation

to Spherical Detonation in Ethylene-Air Mixtures

* High-speed cinematography showing the transmission of planar detonation

from circular tubes of 0.31 m, 0.45 m and 0.89 -m diameter to large

plastic bags simulating an unconfined environment has revealed that

critical reignition occurs near the tube axis, behind an approximately

O spherical shock, at about the location where the rarefaction wave has

penetratri tne detonation core. Thus, the reinitiation process appear&

to be similar in both large-scale and small-scale transmission.

• Interpretation of the cellular structure produced on smokea plates by

ethylene-air detonations has been found to be much more subjective than

it is for low-pressure fuel-oxygen detonations. Differentiation be-

tween the primary and secondary structures is difficult and can easily

result in an error by a factor of two in the reported cell size. Simi-
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lar difficulties have been encountered by other investigaturs (e.g.,

Moen et al., 1983) for a variety of fuel-air rixtures.

* The 13X correlation linking the critical tube aiamieter D and the cell
C

width X is likely valid for fuel-air mixtures, judging from both the

present and other available datd [e.g., those of Guirao et al. (1982)

and Moen et al. (1983)]. All discrepancies are consistent with the

possibility that the structure may have been isinterpreted.

Chapter 4: The Influence of Yielding Confinement on Large-Scale

Ethylene-Air Detonations

* Large-scale tests on the transmission of lean ethylene-air detonations
from a rigid tube to yielding polyethylene tuoes of the same diameter

(0.89 m) have shown that reinitiation of the emerging wave is via a

circular locus of reignition nuclei which form in the vicinity of the . :

yielding tube wall. These nuclei give rise to detonation bubbles which

reestablish the wave globally by sweeping transversely through the gas

bounded by the decoupled shock and reaction zone. This reinitiatiun

phenomenon is similar to that observed during the diffraction of a wave

from a tube to an unconfined region in that the reignition nuclei

decrease in nunber and move away frow the tube exit as criticality is

1 approached. In the critical case, this phenomenon is similar to the

one observed in critical energy experiments. Both are characterized by

a critical radius of wave front curvature, a quasi steddy regime in

velocity and a "galloping" Dehavior which tiay be indicative of the

I? reaction zone attempting to couple with the shock front.

e A simple correlation has shown that the controlling chemical kinetic

length in detonative propagation is approximately equal to the cell

length L . For the purpose of the correlation, the post-shock - -

* c
thermodynamic history of a particle near the yielding tube wall (where

reignition occurs) is calculated using the analogy of an accelerating

cylindrical piston to model the wall motion. The relevant chemical

kinetic time is assumed to be of the usual induction-time for,, while

UNCLASSIFIED
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the stability of the chemical-gasaynamic coupling is considered to De

described by a failure criterion similar to the one proposed by

Shchelkin (1959). In addition to identifying the controlling chemical
kinetic length scale, the correlation emphasizes tVie similarity of the

critical chemical-gasdynamaic balance for the different jasOynamic tiies

(i.e., wall densities) and chemical kinetic times (i.e., mixture compo-

U sitions) investigated.

* It has been shown that the critical conditions for propagdtion in a

constant diameter yielding tube can be expressed in terms of a 2U6

increase in the cross-sectional area of a "stream tube" of particles

entering the front, as such particles migrate rearovard from the shock

through the relevant chemical kinetic distance (i.e., the cell length

L ). The 2U1 criterion is found to be equally valid in predicting thec
failure diameter for propagation in tapered yielding tubes, and in

explaining the observations made by other investigators who employed

yielding tubes Le.g., Moen et al. (198J) using wethane-air mixtures and

Guirao et al. (198Z) using hydrogen-air mixtures].

* Both the experiments and the supporting calculations have shown thdt,

as the wall density tends to zero, the critical diameter for propaga-

tion in an unconfined cylindrical column approaches the critical aia-

meter fur transmission from a rigid tube to an unconfined region. This

is true, provided the gas which bounds the column has physical prop-

erties (i.e., density and sonic velocity) similar to those of the coc.-

bustible mixture. This result is in disagreement with the claim by

Vasiliev (1960) that the critical column diameter is some 2 - 8 times

the minimum diameter for transmission.

)4-

Chapter 5: The Influence of Yielding Confinement on the Velocity

of Propagation of Gaseous Detonation Waves

e Laboratory-scale tests involving the propagation of stoichimaetric

C2 H2 -U2 -N, detonations in souare tubes consisting of a combination of

rigid and yielding walls have shown that the stream tube area criterion

UNCLASSIFIED
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is successful in aescribing the critical conaitions for prupagation

tunder a variety of boundary condiions. Regarless of the rate of

gasdynamic expansion (varied priwlarily by changing the nuaber uf yield-

ing walls) or the rate of chemical reaction (varied by adjusting the
dilution ratio = N21/'t2] ), the critical conditions were found to oe

consistent with a relative stream tube area increase of about 2UL.

e For the case of a test section consisting of three rigid walls ana a

yielding top, the calculations show that, as the density of the yield-

ing wall tends to zero, the critical channel height for stoichiometric

acetylene-air bounded on top oy air approaches 2.5X (assuming the 20'6

criterion to hold in the limit of d vanishing wall). Thus, the minimum

thickness required for such a cloud sitting on the ground to be deton-

able is 2.5x. This result is in good agreement with the moinimum

thickness of Z.8X for stoichiometric oxyhydrogen bounded on top by

nitrogen, deduced by the author from the experimental results of Dabora

(1963).

* It has been found that, under supercritical conditions (i.e., C < 2(h),

the measured velocity deficit AV/Vc J is a unique function of the

stream tube area increase. In fact, haviny chosen the cell length L c

over which to evaluate the area increase, the measured velocity

deficits are seen to be in good agreet;ent with the theoretical relation

derived by Dabora (1963) based on a quasi one-dimensional "nozzle"

analysis. This observation is independent evidence that our selection

of a one-dimensional length (i.e., L ) to characterize the three-c
dimensional phenomenon is appropriate.

- When the velocity deficit data reported by several other investigators

(e.g., Edwards et al., 1963; Dabora, 193; Brochet, 1966; Boisleve,

1970; Renault, 1972) for a wide range of boundary conaitions and

mixture compositions are plotted in the above described manner (i.e.,

tIVV versus C), all of the data are found to agree with Dabora' S
C -J

(1963) theoretical relation, suggesting some degree of universality in

the behavior of detonation waves under supercritical conditions.
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* Using the velocity deficit data reported by Brochet (1966) fur propa-

gation in rigid circular tubes of various diameter, the author has

discovered that the stream tube philosophy breaks down once the cell

dimensions approach the characteristic transverse dimension of te

tube. This is true because another phenomenon - the coupling between

the spin structure and the tube wall - becomes important. Thus, one of

two mechanisms can govern the propagation limits; too severe a gas-

dynamic expansion, or the onset of single-head spin.

Chapter 6: Direct Initiation of Detonation in Ethylene-Air Mixtures

e Large-scale experiments on the direct initiation of ethylene-air nix-

tures using high-explosive charges have shown that the wave "gallops"

L for several cycles in the critical energy regime in a manner similar to

that reported by both Elsworth et al. (1983) using C2 H6 -02 -N2 mixtures

and Bull et al. (1978) using ethylene-air mixtures. These gallops are

thought to be the consequence of a process known as "flashing"

(Ul'yanitskii, 1980) in which reijnition occurs in the aecoupled re-

gion, leading to an overdriven wave thdt catches up to and drives

forward the decaying shock wave.

•Tne shock raaius at which trie first gallop occurs in both the present

U experiments and those of the other investigators is seen to be very

close to the critical spherical radius of R 8.4L estimated from thes c
20U stream tube area criterion. These observations imply that the role

of the initiator charge may siinply be to maintain the wave in the face

of a severe yasdynamic expansion until it achieves a radius at which

the shock/reaction zone coupling can survive on its own.

. The "kernel" theory, as originally formulated by Lee ana Ramanmurthi

(1976), has been reworked in an effort to predict more successfully the

critical energy for direct initiation. by setting the effective

reaction-zone length equal to the cell length L , and using the criti-c
cal spherical radius of 8 . 4 L the modified tneury is found to describeIm c'
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the trend of the experimental data quite well, although it overpredicts I

the critical energy by a factor of about 2.7.

. The reworked theory is also found to describe satisfactorily the

critical energy results reported in the literature for many other fuel-

air mixtures. However, a different constant of proportionality between

the theoretical and experimental energies is required for each fuel-air

system. This observation suggests that factors in addition to the cell

size are important in quantifying the absolute detonation sensitivity

of combustible mixtures.

C., 7.2 A Unified Description of Detonation Based on the Present Results

The experimental results presented in this thesis show that the be-

havior of a detonation wave under a given set of boundary conditions depends

on an intimate competition between the post-shock rates of gasdynamic

expansion and chemical energy release occurring within the cellular detona-

tion front. The "stream tube" concept has been proposed as a simple and

effective means of quantifying the absolute gasdynamic expansion. In

essence, one ignores the nonsteady, three-dimensional nature of the front

and considers only the increase in the area of an ioealized, post-shock

stream tube. In order to express the relative severity of the

gasdynamic expansion, the rate of expansion must oe compared with the rdte

of chemical energy release. The fractional stream tube area increase i,-

evaluated over some distance deemed to be characteristic of the overall rate

of chemical reaction, is used for this purpose. The cell length Lc has been

chosen as the relevant chemical kinetic distance based on detailed

correlations revolving around the nature of the chemical-gasdynamic

competition (see Chapters 2, 3 and 4). Although the stream tube approach is

not new, the present study is novel in that it appeals to the cellul ar

structure of the wave for the appropriate chemical kinetic length scale.
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Given a particular combustible mixture, and hence a specific chemicdl

kinetic length, the role of the physical boundaries in any scenario is to

S control the rate of 9asdyndMic expansion experienced by the particles enter-

ing the detonation front. An increase in the area of th'e post-shock stream

tube can be brought about in one of two basic ways. The first possibility

is that an interaction may take place between the post-shock flow and the

boundaries surrounding the mixture, causing a divergence of the stream lines

within the reaction zone. Several different types of interactions are

possible. For example, the boundary material may compress under the influ-

ence of the high-pressure gases in the reaction zone. A divergence of the

flow can also be brought about by the growth of viscous boundary layers on

the walls confining the mixture. Another type of interaction, and the one

studied thoroughly in the present thesis (see Chapters 4 and 5), involves

confining walls which yield or accelerate under the influence of the high-

pressure post-shock flow. In all cases, an increase is brought about in the

area of the stream tube, even though the shock front may not experience a

change in its area.

The large-scale experiments involving ethylene-air detonations in

yielding polyethylene tubes (Chapter 4) showed that the critical stream tube

area increase is about 20% ove, the relatively snall range of chemical kine-

tic times (i.e., mixture compositions) and 9asdynamic expansion times (i.e.,

yielding wall densities) investigated. However, the corresponding labor-

atory tests (Chapter 5), in which nitrogen-diluted stoichionetric oxy-

acetylene detonations were observed in channels of square cross section,

have provided evidence that the 2U% criterion nay apply more universally.

In those tests, both the number of walls which were allowed to yield (1, 2

or 3) and the density of the wall material were varied in order to regulate

the rate or severity of the expansion. In all tests, a critical near 20.

was observed.

It is of interest to note that the minimum diameter for propagation in

an unconfined cylindrical column, and the minimum thickness fir propagation

in a cloud sitting on the ground, are simply li,,iting cases of the yeo-

metries investigated in Chapters 4 and 5, respectively, in which the
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yielding wall density tends to zero. Althoujh tests were not carried out

for the case of zero wall density, the calculations revealed a urinium

diameter for an unconfined cylindrical column of about lox - liX fur fuel-

air MiAtures. Similarly, the critical thickness of a layer sittin on tie

ground was computed to be about 2.5X - 3X.

For mechanisms which induce a rather slow rate of expansion, such as

the growth of viscous boundary layers on tne inside surface of a duct, the

cell length required in order to effect a stream tube area increase of 2U'Z

could ue very large. So large, in fact, that the cell size may well exceed

- the tube dimensions. In this event, the above described critical cheemical-

gasdynamic balance would not be responsible for the propagation limit, but

rather the onset of single-head spin.

The second basic means by which an increase can be brought about in the

area of the post-shock stream tube is by virtue of the wave front diverging

in a partially confined or unconfined space. In this case, the boundaries

dictate the rates at which the detonation surfdce and, correspondingly, any

surface of particles entering the front, are permitted to grow. Based on

the critical . of ZO% deduced from the yielding wall experiments, it is a

simple matter to compute the radius of curvature R for which the criticalS

chemical-gasdynamic balance is realized. This is done by simply analyzing

the relative motion between the shock surface and a surface of particles

entering the shock at any particular radius. For cylindrical and spherical

geometries, Rs equates to 4L and 8.4Lc, respectively, assuming a critical I

of 20'4 and a typical detonation density ratio of 1.8. At smaller radii, the

,asdynamic expansion is too severe for the chemical-gasdynainic coupling to

persist behind a C-J strength shock. The fact that the critical spherical

radius is about twice the critical cylindrical radius is a reflection of the

fact that the fractional rate of growth of the detonation surfdce area

A-IdA/dR is twice as large in spherical geometry as it is in cylindrical

geometry for a given radius R (i.e., 2/R versus I/R).

Knowing the minimum radius of curvature for self-sustained detonation-

in a given geometry, the critical conditions required for the transmission
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of detination begin to wake sense. Consider, for e~adhple, trie criticdl

oiaiaeter D for the transmission of detonation fro,. a circular tuL)e to dn-

unconfined region. Critical reignition of the approximately Sphericdl

diffracted wave is seen to occur ct the location where the rdrefactiun wuve
- .converges on the tube axis (see Chapters 2 and 3). ,Jsing the experimentally

observed critical tube diameter of 13x as a scale, the radius of the

diffracted shock becomes 8.2L (for /Lc = 0.7) which is very nearly equal

to the critical spherical radius of 8.4L deduced fromn the stream tube
criterion. Thus, the role of the linear detonation tube may simply oe to

provide a large enough initial area of detonation wave so that the diffract-

ed shock can achieve the minimum spherical radius before the rarefaction

quenches the last remaining portion of the wave still at C-J conditions.

If simildr reasoning is applied to the case of a planar detonation wave

transmitting from a two-dimensional channel to an unconfined space, the

critical channel width dc corresponding to a minimium cylindrical radius of

4Lc is computed to be b. 3 . This value is about twice that reporteo by

Benedick et al. (1983) and Liu et al (1984). However, some concern does

U exist over whether the cellular structure recorded in those tests was inter-

preted correctly (Lee, 1983), suggesting that the actual cell sizes may, in

fact, be half the reported ones. Thus, a critical channel wioth close to b._

cannot be ruled out. More direct support for the proposed iMnimum cylin-

drical radius of 4Lc can be drawn from the present experiments involving the

transformation of planar detonation in a circular tube to cylindrical deto-

nation expanding radially outward between a pair of parallel plates (see

Chapter 2). With this g. ometrical arrangement, the detonation wave emerging

from the tube imipacts the wall opposite the tube exit. The reflected shock

wave acts to halt the incoming rarefaction and support the aiverging WdVe

until it achieves a radius at which self-sustainea detonation is pussible.

Smoke records reveal that a cylindrically expanding wave is finally estdb-

lished at a radius of about 4L in the critical liimit.
c

The requirement for a minimum radius of curvature way also help to

explain many uf the observations about direct initiation. For examplk, but'i

Bull et al. (1978) and Elsworth et al. (1983) observea "galloping" pnenooena
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in the critical energy regime during experiments on the direct initidtion )f

spherical detonation using high-explosive charges. There is little doubt

that the "flashing" process reported by Elsworth et al., in which reignition

occurs between the shock and decoupled reaction zone, is a signal that the

wave is not in need of further support from the initiation source. bull et

al. (1978) also attriouted the oscillations in the velocity of tie reaction

p front to repeated "attempts to couple". In both cases, acceleration of tile

reaction front was seen to occur at a radius of about seven cell lengths.

Since the reaction zone trails the shock by a distance on the order of the

cell length just prior to reestablishment of a wave unoer critical condi-

tions (Chapters 2 and 4), these observations are consistent with tie

critical spherical shock radius of 8.4L estimated from tile stream tuDe
c

criterion. Further support can be drawn from the velocity measurements

obtdined in the present tests on the direct initiation of ethylene-air wix-

tures (see Chapter 6). In one such test, acceleration of the shock front,

accompanied by a series of velocity oscillations, was seen to occur when the

shock reached a radius of 9.9L . Since the conditions in this experiment

were thought to be somewhat more favourable than the critical ones, the

S above noted radius is in agreement with the critical spherical radius

deduced from the stream tube criterion. Using the proposed critical radius

of 8.4Lc to define the minimum size R* of a detonation "kernel", the criti-

cal initiation energies have been predicted using the theory of Lee and

n Ramamurthi (197b) ano found to be in reasonable agreement with the experi-

mentally measured energies. This is true for Doth the ethylene-air mnixtures

used in the present tests and for the data reported by other experimenters

for a range of different fuels.

. -Evidence from initiation experiments also exists co support the pro-

posed critical cylindrical radius of 4L . Lee et al. (1974) measured the

distance-time trajectory of the initiating shock wave produced by an explod-

ing wire in low-pressure oxyacetylene. When this trdjectory was comapared to

that produced by the same discharge in an air medium, it was seen to depart

from the latter at a radius of 3.8L . It is likely that the front L)egan to

accelerate when self-sustenance became possible. All of the observations on
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oirect initiation of detonation support the idea that tne role of the initi-

ation source is simply to maintdin the w3ve under specified adverse uoundary -

conditions until such time that the post-shuck gasdynaiic expansion becomes

mild enough tor the shock/reaction zone complex to remain couplea on its

own.

It would appear tnat the stream tuoe criterion is useful in clarifying

tne link between the critical conditions for initiation, propagation and

transmission. It has been demonstrated that all of these critical condi-

tions are a reflection of the same chemical-gasdynainic balance existing

within the cellular detonation front. The concept has been successful in

elucidating the link Detween ,iany experimental pardmneters, including the

critical tube diameter and the critical channel width for trdnsinission of a

planar wave to an unconfined region, the minimum diameter for propagation in

an unconfined cylindrical column, and the minimum thickness for propayation

in a cloud sitting on the ground. It has also oeen successful in inter-

relating the critical conditions fur propagation under the influence of

various expansion inducing mechanisms, including viscous boundary layers,

compressible inert boundary gases, and yielding or moving boundaries.

The stream tuoe concept appears to be successful in aescrioing the

behavior of detonation waves under supercritical conditions as well. For

values of C less that 2UO, the measured velocity deficit AV/VcJ for propa-

gation in square tubes consisting uf a combination of rigid and yieldiig

walls (Chdpter 5) is seen to be a unique function of ,. Furthermore, Dy

choosing the cell length L over which to evaluate , the relation between

AV/VcJ and , is found to be in good agreement with the theoretical relation

derived by Dabora (1963). This aods support to the claim that the relevant

chemical kinetic thickness of the detonation front is approximately equal to

the cell length. When the velocity deficit cata reported by other investi-

gators are processed in the above noted manner, they too are seen to ue

consistent with babora's theory. Included are deficits due to viscous boun-

ddry layer growth (e.g., Edwards et dl., 19b3; Dabora, l9bJ; L5rochet, 19b6;

Boisleve, 197U; Renault, 1972) and deficits resulting from the compression

of an inert boundary gas (e.g., Dabora, 1963). These observations suggest
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that the behavior of detonation under supercritical conditions may be of a

universal nature.

In a nutshell, the role of the "oounoary conaitions" is to govern the

rate at which the post-shock particles are subjected to a gasaynamic expan-

sion. If the rate of expansion is too rapid for the chemical processes to

remlain coupled with the shock, the wave will fail. The role of the "initiil

conditions" is to ensure that the wave is maintained in the presence of an

adverse expansion until conditions oecoine acceptable for it to survive on

its own. A self-explanatory chart which helps to clarify the link between

many different experimental investigations is presented in Figure bi.

7.3 Recommendations for Future Research

Having proposed a unifying theme which appears to explain satisfac-

torily the findings of many diverse experimental investigations, the author

believes that an effort should now be directed toward clarifying, in a quan-

titative sense, the details of the stream tube criterion. Based on a few

semi-quantitative observations, and the results of a relatively crude corre-

lation (Chapter 4) in which many important physical details were ignored

(e.g., the coupling between gasdynamic and chemical phenomena), the contrul-

ling chemical kinetic length in detonative propagation was concluded tu !)e

on the oroer of the cell size. Rather arbitrarily, the cell length L wasc
- ~.chosen as the distance over which to evaluate the stream tube area increase

,. We coula just as easily have selected the cell width, or perhaps some

multiple of tile cell length, and simply arrived at a different fractional

area increase to aescrioe the critical conditions for sustenance. The fact

remains that, to this point, there is very little direct physical evidence

to support the claim that the controlling chemical kinetic lengtti is prd-

cisely one cell length. What is required to clarify the issue is an

experimental configuration which would allow us to i) clearly identify tie

streamwise location behind the shock beyond which a rarefactive disturbance

will not influence the propagation, and ii) clearly identify the boundaries
bof the stream tube so that the critical fractional area increase can be
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F. measured. For ease of diagnosis and analysis, it would be attractive if the

design was such that the flow aft of the shock is globally steady in shock-

fixed coordinates.

An apparatus which may meet the above requirements is the variation of

Dabora's (1963) test section sketched in Figure 62. Basically, it is a

detonation tube of rectangular cross section, consisting of rigid top and

bottom walls and a pair of parallel, photographically transparent side

plates. A pair of dividing walls separate three equal velocity, parallel,

laminar flows until they are allowed to interface in the test section. The

bottom layer is an explosive gas. Confinement is provided on top by two

layers of compressible inert gas (A and B). The apparatus would be

constructed so that the widths of tile gas columns, w, and w2 , are indepen-
dently adjustable. Care would have to be taken in the design to ensure that

viscous boundary layer growth and spin structure/boundary coupling were not

significant phenomena. The experimental procedure would be to first deter-

mine the critical column width w, for propagation, given a particular

explosive/inert gas combination and d ratio w2/w1 which ensures that the top

layer of inert gas (B) does not play a role in the outcoi.e (i.e., w2 ;) wl).

In essence, we would repeat the experiment carried out by Dabora. Havig

done so, the critical condition would then be monitoreo in subsequent tests

as w2 is systematically decreased. Eventually, a configuration woulo be

identified for which the disturbance created by the rarefaction wave in

inert gas (A) would impinge on the gases in the reaction zone of the detona-

tion wave and alter the critical condition for propagation. The strength uf

7 the rarefactive disturbance could be regulated by adjusting the properties

(i.e., the density and the sonic velocity) of the two inert gases. Using

Schlieren photography to observe the interaction between the reflected dis-

turbance and the explosive/inert interface, the relevant chemical kinetic

length and the corresponding critical stream tube area increase could be

deduced. Pressure transducers or streak photography could be used to mea-

sure the velocity of propagation.

Impetus for the suggested experiments is provided, in part, by 1te i

observations of Tarasenko (1974b). This author investigated the influence
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of an annular layer of water placed between a Dare high-explosive cylindri-

cal charge and a coaxidl metal casing. He came to two important conclu-

sions. First, for a given sensitivity of explosive and charye diavleter,

there existed a limiting thickness of water, beyond which the metdl casing

was of no consequence. Second, as the explosive was ,nade less sensitive

(i.e., as the reaction zone was made longer), the requirea water layer

thickness was seen to increase. These observations suggested to Tarasenko

that the limiting water layer thickness could be used to infer the reaction-

zone length, but the idea was not pursued. In essence, what is proposed

here is that the gaseous analogy to Tarasenko's problein be investigated, but

with a rarefdctive disturbance rather than a compressive one.
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i . .- -
. . . . . . . . . . . . . . . . . . .



UNCLASSIFIED 141.

8.0 ORIGINALITY AND CONTRIBUTION TO KNOWLEDGE

Based on the findings of the nearly three hundred experiments carried

out in five experimental apparatus, the author has made original contribu-

tions to knowledge by:

i) providing for the first time a detailed description of the failure

and reinitiation processes involved in the transformation ot planar

detonation frow a circular tube to cylinurical detonation expanding

radially outward between a pair of parallel plates. The author has

identified two modes of reinitiation and proposed a correlation

linking the critical plate separation for transmission wc to the

cell width x; i.e., wc = 5.7x.

ii) obtaining simultaneous measurements of the critical tube diameter

and the cell size in large-scale experiments employing relatively

insensitive ethylene-air mixtures. In doing so, the author has

i assisted in the evaluation of whether the 13X correlation, linking

the critical tube diameter Dc to the cell width X, is as valid for

fuel-air mixtures as it is for the fuel-oxygen mixtures for which

it was proposed.

iii) successfully employing yielding boundaries to regulate the severity

of the gasdynamic expansion imposed on the wave. This has been

possible due to the relatively long chemical kinetic times charac-

teristic of fuel-air mixtures. As a result, the author has

77 provided a detailed description of the failure and reinitiation

processes involved in the transmission of detonation from a rigid

tube to one having yielding walls. Furthermore, he has proposed a

criterion for criticality based on the coipetition between the rate

of gasdynamic expansion and the rate at which energy is liberated

within the cellular detonation front. When the author's criterion

is applied to the results of many other investigators, it is found

.to describe successfully the critical conditions for propagation

under a wide range of different boundary conditions and mixture
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sensitivities, suggesting that the proposed critical chemical- .

gasdynamic balance may have universal implications.

iv) measuring velocity deficits for propagation in a square channel

consisting of a combination of rigid ano yielding walls. Tne

author has demonstrated that the conventional "stream line

divergence" philosophy for the prediction of velocity deficits is

valid, provided the nonsteady, three-dimensional, cellular deto-

nation front is treated as an effective, one-dimensional reaction

zone having a thickness equal to the cell length. Although the

stream tube concept is not new, this is the first velocity deficit

study which appeals to the cellular structure for the relevant

chemical kinetic length scale. When the author's theory is applied

to the results of many other investigators, it is found to describe

successfully the observed velocity deficits for propagation under a

wide range of boundary conditions and mixture sensitivities, sug-

gesting that detonation behavior under supercritical conditions nay

be of a universal nature.

v) showing that the critical conditions for a) initiation of
detonation in various geometries, b) transmission of detonation

fro-i one geometry to another, and c) propagation of detonation

under various boundary conditions, are all a result of the same

critical chemical-gasdynamic balance being realized within the
detonation front. This has been done by denonstrating that the

increase in the area of the post-shock "stream tube", evaluated

over a relevant chemical kinetic distance equal to the cell lengtn,

is the same in all cases.

The findings of this thesis have been presented in several interna-

tional forums. The study on the transformation of planar detonation to

cylindrical detonation (Chapter 2) has been reported in Combustion and Flame

(1983). The results froia the large-scale cri Lical tube diameter experiments

(Chapter 3) have been presented at the Nineteenth Symposium on Combustion in

Haifa, Israel in 19b2. The preliminary findings on the influence ot yield-

UNCLASSIFIED

. . ~ ~ ~ ~ ~ ~ ~ ~ _ .. . .. . .. . . . . .. . . . . .



UNCLASSIFIED 143.

ing confinement on large-scale ethylene-air detonations (Chapter 4) were

described at the Spring Technical Meeting of the Combustion Institute

(Canadian Section) in Banff, Canada in 1982. Final results have been pub-

lished in the proceedings of the Ninth International Colloquium on Dynamics

of Explosions and Reactive Systems, which was held in Poitiers, France in

1983. The velocity deficit results for propagation in square channels con-

. sisting of a combination of rigid and yielding walls (Chapter 5) were

presented at the Paul Vieille Scientific Meeting, held in Vert-le-Petit,

France in September of 1984. The experimental findings from the large-

scale tests on the initiation of ethylene-air detonations (Chapter 6) have

been published in the proceedings of the Seventh International Symposium on

Military Applications of Blast Simulation, held in Medicine Hat, Canada in

1981. Finally, a paper summarizing the findings of the thesis has been

submitted for presentation at the Tenth International Colloquium on Dynamics

of Explosions and Reactive Systems, to be held in Berkely, California in the

su.mer of 1985.

A report on the design and construction of the DRES larye-scale fuel-

air explosives (FAE) testing facility has been published internally at JRES

as Suffield Memorandum No. 1051. Details of the facility, in conjunction

with an overview of the ORES large-scale FAE research program, have been

published in the proceedings of the International Conference on Fuel-Air

Explosions, held in Montreal, Canada in 1981, and also as Suffield ;emor-

andum No. 1053.
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TABLE I. Critical conditions for transmission from a rigid
tube of 0.89 m diameter to various yielding tubes and to

an unconfined region.

Nominal Measured Ratio of
tube wall wall surface Critical tube diameter
thickness density Critical C2 H4  cell width to cell

t m/A concentration A width
mil kg/m 2  % mm D/A

0 0.0 5.06 68.5 13.0
1 0.0242 4.70 90.3 9.9
5 0.124 4.15 165.0 5.4

10 0.220 3.90 219.0 4.1
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TABLE 11. Initial post-shock conditions and results from
calculations to determine the relevant chemical length

scale associated with detonative propagation.

11) 12) 13) 14) 15) 16)
Relative Pressure

Nominal wall Detonation particle Temperature ratio
thickness Critical C21,14  velocity velocity ratio across across

t concentration Vc.J u, shock shock
mil rn/a rn/8 TO/To 'P

1 4.70 1696 219.2 4.92 23.95
5 4.15 1637 207.0 4.70 23.90

10 3.90 36625.7 4.58 2.76

(7) (9)(S

Nominal wall Critical exponential travel

thicknes cell length factor during
t Lc kx1"reaction

mil mm a mole/ I2fu/L

1 129 1.99 0.71
5236 2.43 0.96

10 313 2.33 0.811

Average, % 2.21 ±10 0.80 ±11
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TABLE Ill. Calculated stream tube area increases for the
constant diameter yielding tube configurations.

Critical
Nominal wall Detonation Critical stream tube

thickness Critical C 2 H4  velocity Temperature Pressure cell length area
t concentration Vc.J ratio ratio Lc increase

mil % m/s Tc.j/To Pc.j /Po mm %

1 4.70 1696 8.75 15.7 129 17.6
5 4.15 1637 8.20 14.5 236 22.3

10 3.90 1606 7.92 13.9 313 23.2
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TABLE IV. Calculated stream tube area increases for the
tapered yielding tube configurations.

(1) 12) (3) (4) (5) (6)
Nominal wall Detonation Detonation Detonation Critical

thickness Critical C2114  velocity temperature pressure cell length
t concentration vctj ratio ratio Lc

mil % M/s Tc-,/ T. Pcj/P mm

5 4.25 1649 8.31 14.75 199
K5 4.35 1661 8.42 14.97 177

10 3.80 1594 7.90 13.69 36
10 4.00 1619 8.03 14.18 276

(7) (8) (9) (10)
Area Area Net critical

Nominal wall Apparent increase decrease stream tube
rthickness failure due to wall due to area increase

t diameter motion 4m taper 4t 4 4m - 4
mil D (mm)%%%

5 810 21.4 1.6 19.8
5 610 19.3 1.9 17.4

10 > 890 <(30.9 < 2.6 <28.3
10 760 24.3 2.4 21.9
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TABLE V. Summary of critical conditions for propagation of
*:. C2 H 2 -0 2-N 2 detonations in square channels with various

rigid/yielding wall combinations.

Density of Critical Critical Critical fractional
Number of Yielding yielding wall dilution cell length area

yielding wall m/ A ratio Lc increase
sides material kg/rm2  

0 mm %

1 acetate A 0.0381 6.25 53.1 16.6
1 acetate B 0.0351 6.25 53. 1 17.3
1 paper A 0.0372 6.13 50.0 15.4

I paper B 0.0616 - - -

1 polyethylene 0.0831 - -

, 2 acetate A 0.0381 5.75 41.3 21.8
2 paper A 0.0372 -4.90 "'26.0 "10.0

(5.80) (42.9) !22.8)

3 paper A 0.0372 '4.50 '20.7 ",10.9
(5.30) (32.9) (22.7)
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(a) DIRECTION OF PROPAGATION

SCALE
(5bm

Figure 1

Smoke records produced by a detonation wave in low-pressure (24 Torr)
equimolar oxyacetylene showing the cellular structure recorded on a wal
(a) parallel to the direction of propagation and (b) normal to the direction

of propagation.
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Figure 2

-' Stroboscopic laser-shadow photographs of a detonation wave

propagating in a hydrogen-oxygen mixture.

From Lee et al. (1969).
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Figure 3

Schlieren interferogram and interpretive sketch showing details of the

double Mach reflection associated with the cellular structure of a

detonation wave. From Edwards etal. (1970).
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TRANSVERSE WAVE SPACING OR CELL WIDTH A

TRANSVERSE

fr-~

INCIDENT - _.'- .

STEM

CELL LENGTH Lc

Figure 4

Sketch illustrating the cyclic nature of detonative propagation.

Solid lines denote triple-point trajectories while broken lines
"." signify zones of heat release.
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1.6 jps 8.0 JAS 32.3 js
a. SUBCRITICAL: SO TORR 2C2H2 + 502; IGNITER: LASER SPARK

6.0Ops 12.5 ps 23.0 -.s

b. SUPERCRITICAL: 120 TORR H2 +C1 2; IGNITER: ELECTRICAL SPARK

6.5 js 14.4 js 20.3 Mis

c. CRITICAL: 100 TORR 2C 2H2 +502; IGNITER: LASER SPARK

Figure 5

Spark Schlieren photographs of a spherical detonation illustrating
(a) the subcritical, (b) supercritical and (c) critical regimes of direct -

initiation. From Lee (1977).
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II
a PREMIX

p

Figure 6 .

~Photographs of apparatus used to investigate the transformation of planar
detonation to cylindrical or spherical detonation:

)-' (a) general side view, ,

(b) details of ignition end of tube, and "
-Y Ic) front view of cylindrical chamber.
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SYMBOL DESCRIPTION

SMOKE RECORDS

A 63.20 mm Diameter Tube; Average of Many Cells
100 T 63.20 mm Diameter Tube; Dominant Bands

4~ \W Cylindrical Chamber; Dominant Bands

00 Hollow Cylinder; Dominant Bands
0 Knystautas et ..

~50

LU

ILI
40 4

LUY

X
S10 11a

SYMBOL DESCRIPTION C & a i

PHOTOGRAPHIC RECORDS A '~
A 63.20 mm Diameter Tube; Dominant BandsA

5 c: Cylindrical Chamber; Dominant Bands A

OTHER

* Pressure Record in 63.20 mm Diameter Tube

0 Dc / 13 for 63.20 mm Diameter Tube
--- Dc/ 13 ; Matsui and Lee

21
1'.5 1 2 5 10 20 50

TRANSVERSE WAVE SPACING OR CELL WIDTH A (mm)

Figure 8

Transverse wave spacing or cell width versus initial mixture pressure
for equimolar oxyacetylene mixtures. Matsui and Lee (1979),

Knystautas etal. (1982).
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".. SIDE WALL STRUCTURE

-. POSITIONS OF DIFFRACTED SHOCK AND REACTION
ZONE WHEN THE TRANSVERSELY PROPAGATING

DETONATION ARRIVES AT THE BACK WALL

STRUCTURES

ANNULRRN 1

V.

' " TUBE DIAMETERI,.~I..I

i~. I
.I~~NO CELLULAR -

STRUCTURE

SMALL SCALE

.% END WALL STRUCTURE

-?"" "FAN"-LIKE STRUCTURE

Figure 10

Smoke record from the back wall showing features of the annular ring
formed during the spontaneous reinitiation process.
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(1) P0 = 40Torr D/A 34

"4

12) Po - 19Torr D/IA 15

Figure 11
Collection of smoke records from the back wall (a) and front wall (b) of the
cylindrical chamber for a plate separation of w/ D = 0.391. Reinitiation by
reflection enabled supercritical transmission in (1) and (2). Critical

transmission is shown in (3). Failure to transmit is seen in (4).
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(3) P 0 = 16 Torr D/A - 13

':9

(4) Po 14Torr D/IA 11

%

Figure 11 (Cont'd)

Collection of smoke records from the back wall (a) and front wall (b) of the
cylindrical chamber for a plate separation of w/D = 0.391. Reinitiation by
reflection enabled supercritical transmission in (1) and (2). Critical

transmission is shown in 13). Failure to transmit is seen in (4).
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3.5

SYMBOL PLATE
w/D= e SEPARATION

0.9 -Z w (MM)

A A A 6.3
3.0 aL0 12.1

o 0 0 24.7
o 01 . 48.5

0 0 * 70.8

A 0 362
2.5 w/ D=

0.191 am

U) 2.0z
LU

I-c

> / .31- w/D =0.767

2 .wI D 5.73

1.03

0.5

TUBE DIAMETER D 63.2 mm wID =1.12 ---
HORIZONTAL BAR THROUGH DATA POINTS
INDICATES STANDARD DEVIATION OF
12 MEASURED RADII.

0

1.0 1.5 2.0 2.5 3.0 3.5

NORMALIZED RING RADIUS R5 /R0

Figure 12

Normalized ring radius (Rs/R 0 ) versus relative mixture sensitivity (AS/ A).
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SYMBOL PLATE R

Sa SEPARATION

7o w(mm) w/D

A AA 6.3 0.099
V vw Y12.1 0.191

o *24.7 0.391
0 ,. 48.5 0.767

V. c** 70.8 1.12
o @ 352 5.73 Rs

*TUBE DIAMETER D 63.2 mm

U)

w 4 SUCCESSFUL -SPONTANEOUS
TRANSMISSION RE INITIATION

I-

xj

2 RE INITIATION BY

0~ REFLECTION

4 NO TRANSMISSION

4 6 8 10 12 14 16 18

NORMALIZED RING RADIUS (RS -O/

Figure 13

Normalized ring radius IRS R0 )/A versus relative mixture sensitivity (AC/A).
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SYMBOL SOURCE

o Spherical Detonation Bubble Model
0 Transversely Propagating Detonation Model
* Direct Observation of Reignition Nuclei on Smoke Records A

4.0 (Large Hollow Cylinder)
Ll Direct Observation of Reignition Nuclei on Smoke Records

ISmall Hollow Cylinder)
[] h 0.8 w From Intersection of Central and Transitional

Branches of Ring Size Curve

3.5

7- 3.0

[ ~2.5 ,o ,,x
2.0 hLu

1.5

00

1.0

lI iiI I '-.

0 2 4 6 8 10 12 14

NORMALIZED AXIAL LOCATION OF REIGNITION h/A

Figure 16

Normalized axial location of reignition versus relative mixture

sensitivity for spontaneous reinitiation.
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P0  32.5 Torr

NO CELLULAR STRUCTURE

ARRIVAL OF THE RAREFACTION AT

P0  33.5 Torr
SMALL SCTLUSTRURUR

P0 = 50 Torr

A DIRECTION OF PROPAGATION "

NO EVIDENCE OF 
.

~RE INITIATION .

EDGE OF RECORD FLUSH WITH
EXIT PLANE OF TUBE

Figure 17

Collection of smoke records from the outer surface of the thin-walled
hollow cylinder (do/D = 0.804) showing (al failure to transmit,
(b) formation of reignition nuclei during critical transmission, and

(c) supercritical transmission.
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,:: ;, ,. *-'I(m)min max -

i ""
*

0.31 12.8 2.9 2.9

-L 0.45 13.4 2.0 3.9
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Figure 18

a) Photograph showing large-scale experimental configuration for critical
tube diameter test. A rigid tube of 0.45 m diameter and plastic bag of
1.75 m diameter are pictured.

b) Schematic diagram showing details of the gas mixing system.
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POLYETHYLENE BAG

SOLIDTUBETRIAL NO. 20

SOLIDTUBEBAG DIAMETER D - 1.74 motors
BAG LENGTH L - 6.36 motors

UD CH.-AIR - d TUBE DIAMETER d - 0.69 motors

si 2 5 S4TUBE LENGTH I - 7.83 motors

L

(SAMPLING LOCATION NUMBER Si

NUMBERS INDICATE SAMPLING LOCATIONS
AS SHOWN IN DIAGRAM ABOVE.

3 .0- SEQUENCE CONTINUES THROUGHOUT TEST.

S4

U.
0
z

CLOSE PRESSURE FIRE
cc CONTROL VALVE

z
- ~ ~ oSATFEL FLOW

4.0 STOP FUEL FLOW

0 0 20 30 40 s0 60 70 so 90

TIME (minutes)

Figure 19

Fuel concentration (% C2 1-4 in C2H-4 -air) versus time (minutes)
for a typical critical tube diameter experiment.

UNCLASSIFIED



UNCLASSIFIED SR 411

Figure 20

Selected photographs of the experimental facility showing:

-a) the exit end of the tube with bag attached,
b) the centrifugal blower used for recirculating the test gas,
C) the interior of the gas flow and analysis van, and
d) the interior of the instrumentation van.
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Figure 20 (cont'd)

Selected photographs of the experimental facility showing:

e) gas sampling port installed in plastic bag,
_f) installation of ionization-gap probe into rigid tube.

g) loading of film into high-speed camera, and

h) installation of smoked foil into rigid tube.
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Figure 21

Selected frames from a high-speed cinematographic record showing near
critical transmission of detonation from a rigid tube of 0.89 m diameter to
a large gas bag simulating an unconfined environment (approximately

0.2 ms between frames).
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REIGNTION UCLE

Figure 22

Selected frames from a high-speed cinematographic record showing
supercritical transmission of detonation from a rigid tube of 0.89 m
diameter to a large gas bag simulating an unconfined environment

(approximately 0.2 ms between frames).
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O Present Tests
P4.0- Moon er aL
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3.0 _________ _

Lesat Squares Fit to Field Test Data
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CONCENTRATION OF C2H4 IN C2H4-AIR M%

Figure 23

Critical tube diameter versus fuel concentration for the ethylene-air
system at atmospheric pressure. Knystautas et al. (1962), Jenssen (1963),

Moen et al. (1963).
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0 Smoke Records; Average of Many Cela

1000 0 Smoke Records; Identification of Dominant Bands
8 Oscillations from Pressure Records

o3 Plastic Strips; Average Width

*Bull at al.

0 Borisov

5_0 > Knystautas atal
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AMoen eta. 1 lOnset of Near-Uimit Phenomena in Tubes)

SMoen at ..2 ( Smoke Records)

-DC / 13 from Field Tests
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0

0
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3A 10

CONCENTRATION OF C21 14 IN C2H 4 AIR 1%)
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Figure 24

Detonation cell width versus fuel concentration for the ethylene-air system
%) at atmospheric pressure. Borisov (1980), Moen et al.' (1981). Bull et a/. (1982),
* Knystautas et a/.' (1982), Knystautas et a,2(1983), Moen et a,.2 (1983).
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Figure 25

Comparison between the cellular structure recorded on a smoked plate (top)

and the plastic strips produced by an ethylene-air detonation propagating

in a plastic bag (bottom).
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Figure 26

Photograph of a smoked plate produced by an ethylene-air detonation (top)

and the author's interpretation of the cellular structure (bottom).
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0 100mm

Figure 27

Photographs of smoke records showing the difference between the .

cellrstructure of a fuel-air detonation at atmospheric pressure (top)
cellrand a fuel-oxygen detonation at low pressure (bottom).
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[]I N THE"

. Figure 29 -

~~Photographs showing (a) the initiation scheme employing an oxyacetylene•-,
,, ~slug, (h) an interior view of the protective housing showing the camera and 2-,

microwave unit, and (c) the yielding tube attached to the protective housing
at the downstream end of the test section.
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Figure 30

Measured cell aspect ratios for the C 2 H 4 -air

jsystem at atmospheric pressure.
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Figure 31

Cinematographic sequence showing supercritical transmission to a
yielding tube of nominal 10 mil wall thickness and 0.89 m diameter.

The gas mixture is 4.15% C2 H4 in C2 H 4 -air. Elapsed time between

frames is approximately 0.2 ms.
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NOLMIOS BA
DENT.N QU

Figure-32

Cn agpisu ULnc Oing t mo yei tueo

4.25%togrh4 i sequeancei sloigtmrensitsive than thedcritcal oe

(4.15% C2 1-4 ) for this wall thickness. Elapsed time between frames is

approximately 0.2 ins.
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I CORRESPONDING
I FRAME IN

FIGURE 32

TRIPLE-POINT /
TRAJECTORY

TRANSMITTED RENEWED

DECOUPLEDI

IOCCURS
BETWEEN

POINT OFFRAMES)

WALLK WAV

~ RACTON ONEDETONATION IN

Figure 33

Schematic diagrams showing details of the reinitiation process typical of
transmission to a tube with yielding walls.
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Figure 34

P Cinematographic sequence showing critical transmission to a yielding
tube of nominal 1 mil wall thickness and 0.89 m diameter. The gas
mixture is 4.70% C21-4 in C2 H-4 -air. Elapsed time between frames is

approximately 0.2 ins.
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Figure 36

Cinematographic sequence showing critical transmission to a yielding
tube of nominal 1 mil wall thickness and 0.89 m diameter. The gas
mixture is 4.70% C2H4 in C2H44 -air. Elapsed time between frames is
approximately 0.06 ms. Frame 9 - first occurrence of reignition nuclei;
frame 15 - collision between sweeping waves; frame 30 - catch-up

phase complete.
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4. UNCLIFICE

. -.Figure 38

-" Cinematographic sequence showing subcritical transmission to a yielding

tube of nominal 5 rail wall thickness and 0.89 m diameter. The gas mixture
i',"is 3.95% CAH in C2H-1-air. Elapsed time between frames is approximately

i 0.4 ms.
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Figure 39

Summary of test results for transmission of detonation from a
rigid tube of 0.89 m diameter to yielding polyethylene tubes

*having various wall thicknesses.
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Figure 40

Cinematographic sequence showing recovery of a detonation wave
perturbed at the boundary. The perturbing obstacles are a steel hoop
along the bottom and a heavy piece of tape along the top of the
periphery. The mixture is 4.70% C2H4 in C2 H4 -air. Elapsed time

between frames is approximately 0.2 ins.
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SHC
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DATA FROM HIGH-SPEED FILMS

a?2.4 0 Ndominal 1 n.11 Polyethylene Wall (4.70% C21 41

II Nominal 10 m~il Polyethylene Wall 14.U6% C21-4 )

3 2.2CALCULATED

2.010MLWL
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.6 TRAJECTORY TUEWL
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1.40_ _
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Figure 43

Comparison between measured wall trajectories and those calculated using a
cylindrical piston analogy.
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O~ (NUMERICAL CALCULATIONS)
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Figure 44

Comparison between calculated contact surface trajectories from a

bursting cylinder. Initial conditions inside the cylinder correspond
to the detonation products of stoichiometric ethylene-air.

Approximate method is due to Meyer (1958).

Numerical calculations are due to Thibault (1983).
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Figure 45

Chemical histories (bottom plot) for various assumed controlling chemical
times, To, given the expansion corresponding to the 10 mil thick
polyethylene wall. The critical particle thermodynamic history is shown in

jthe inset at the top left of the figure.
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Figure 47

Photographs showing (A) the test section prior to being prepared for testing,
(B) after preparation for an experiment, and (C) after completion of a test.
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Figure 4

Cell width versus mixture composition for stoichiometric oxyacetylene
with nitrogen dilution at atmospheric pressure. Zeldovich et al. (1956).
Freiwald and Koch (1963). Bull et al. (1982), Knysteutas et al. (1982),

Moon at a/. (1963).
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Figure 55

Photographs showing the configuration of the gas bag test section:

A) Exterior of bag ready for testing
B) Interior of bag showing ionization probe

sting, pressure transducers and circular
hole cut in ignition end

C) Ignition end of bag showing installed
initiator disc

D) Far end of bag showing fuel flow line.
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Figure 56

~Selected frames from a cinematographic record showing unsuccessful
initiation of detonation. The gas mixture is 6.40% C2H4 in C2H4-air. i

i The initiator charge is 9 grams of Detasheet.
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Figure 5

Selected frames from a cinematographic record showing successful
Initiation of detonation. The gas mixture is 6.40% C2H4 in C2H-4-air.

The initiator charge is 18 grams of Detasheet.

UNCLASSIFIED



U!

UNCLASSIFIED SR 411

1 r

7J

'

Figure 57 (Cont'd)

Selected frames from a cinematographic record showing successful
initiation of detonation. The gas mixture is 6.40% C2 14 in C2H4-air.

The initiator charge is 18 grams of Detasheet.
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Figure 58

Detonation velocity observed at various positions along the test
section showing steady propagation for 6.40% C21-4 in C2H4-air and

unsteady propagation for 3.90% C2H4 inC 2H4 -air.
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Figure 59

Spherical initiation energy (grams of tetryl) versus concentration
Of C2H4 In C2H. -air mixtures at atmospheric pressure.

Bull etal. (1978), Bull (1979), Donato (1982).
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CH4 (k -~0.114 [FUELT SYMBOL REFERENCE
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ioa Benedick
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C2 6 V swrh
V Bull et 8/.2.3

_ ~~CA0 Cl4 k =0.37) C3t44 CA PElsentes
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'uT
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- Present model assuming
10.L = A/0.7 where A = Dc/13. The

correlation of Moon et al. for Dc as
a function of composition has

-I4been used for the fuels H2 , C2 1 2 ,
C2144 and C3H51. The cell width

1.0 reported by Bull at 8/.4 has been
used for the stoichiometric CH 4-alr
mixture.
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Figure 60

Spherical initiation energy (grams of tetryl) versus stoichiometry for
various fuel-air mixtures. Cassut (1961), Frelwald and Koch (1963). Kogarko

* et al. 11965), Bull et al.' 11976). Bull etal.2 (1978). Bull (1979), Bull et
al.3 (1979), Atkinson et al. (1980), Bull etal.4 (1982). Benedick (1983),

Knystautas et al. (1983). Moen et al. (1983).
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APPENDIX A

THE DRES LARGE-SCALE FUEL-AIR EXPLOSIVES

a TESTING FACILITY*

*Published at the Defence Research Establishment Suffield as Report SM4-1U51.
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DEFENCE RESEARCH ESTABLIS"MENT SUFFIEL)

RALSTON, ALBERTA

*- SUFFIELD MEMORANDUM NO. 1051

THE DRES LARGE-SCALE FUEL-AIR EXPLOSIVES

TESTING FACILITY

7by

J. Funk and S. B. Murray

ABSTRACT

The large-scale fuel-air explosives (FAE) testing facility,

designed and built on the experimental range of the Defence Research

Establishment Suffield (DRES) in 1981, is described in some detail.p
Design considerations to maximize versatility, survivability of

permanent operational systems, safety and diagnostic capabilities, and to

minimize turnaround time for each experiment, are discussed.

Details about the concrete test bed and important operational

systems of the facility, including the gas delivery, mixing and analysing

systems and the initiation system, are presented. Diagnostic capabilities to

monitor the outcome of each test are described, as are operational procedures

for carrying out an experiment.

To date, experiments involving up to 110 cubic meters of

detonable mixture have been conducted. Improvements to the facility,

evolving from these tests, are summarized.
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DEFENCE RESEARCH ESTABLISHMENT SUFFIELD

RALSTON, ALBERTA

SUFFIELD MEMORANDUM NO. 1051

THE DRES LARGE-SCALE FUEL-AIR EXPLOSIVES

TESTING FACILITY

by

J. Funk and S. B. Murray

1. INTRODUCTION

When the fuel-air explosives (FAE) research program began at DRES

in 1980, the neea for an adequate large-scale testing facility was realized.

The planning and design for this facility was completed in the spring of 1981

and the construction was completed during that summer. The facility has been

actively used for experimentation since August of 1981. The work was carried

out under PCN 27CI0.

The testing facility was designed in an attempt to satisfy future

DRES FAE experimental field requirements. The following criteria were

considered to be general guidelines for the design of the experimental

layout:

i) Versatility - The facility must be capable of being modified

quickly and easily for future, as yet undefined, FAE

experiments.

ii) Accuracy - FAE experiments depend heavily on accurate

determination of fuel and other constituent concentrations.

Therefore, the facility must incorporate very accurate sampling

and gas analysis systems. Likewise, appropriate diagnostic

I systems must be employed in order to adequately determine the

outcome of each experiment.
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iii) Survivability - Owing to the destructive nature of FAE testing,

i all structures, equipment ana instrumentation subjected to blast

loading must be structurally hardened to ensure their survival.

iv) Rapid Turnover - The nature of most FAE studies requires that

several trials be conducted to obtain each valid data point or to

examine phenomena. Minimizing the duration of the experiment, as -

well as preparation time, is therefore essential for the

judicious use of the relatively short experimental period our

Canadian weather permits.

v) Safety - Because of hazards associated with the handling and

detonation of FAE nixtures, the safety of personnel must be an

overriding consideration. =J

In more physical terms, the facility must have a hard level

surface upon which apparatus can be mounted. It must also be capable of

supplying fuel and other gases to the experimental volume, mixing these gases

homogeneously throughout, and determining species concentrations accurately.

In addition, the facility must have a firing system to initiate detonation of

the gaseous mixture once the intended composition is reached. This firing

system must be capable of coordinating the operation of high-speed diagnostic

systems for data collection.

The body of this report describes in detail the features of the

DRES FAE facility. General layout and configuration of the test pad is

outlined in Section 2. The gas delivery, mixing and analysis systems are

described in Sections 3, 4 and 5, respectively. Initiation system details

are given in Section 6. Diagnostic capabilities are discussed in Section 7.

Finally, safety considerations and concluding remarks appear in Sections 6

and 9, respectively.
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2. CONCRETE TEST PAD

The FAE testing facility is centred around d concrete test pad.

The pad is 18.3 m long x 7.6 m wide x 0.3 m thick and is heavily reinforced

to withstand severe shock loading. The surface of the pad incorporates a 1%

grade to facilitate water drainage. Imbedded in the surface of the test pad

are seven mounting channels which are oriented longitudinally along the

entire length of the pad and welded firmly to the steel reinforcing grid.

These mounting channels, illustrated in Figures A-1 and A-2, together with 18

min diameter T-bolts, allow various types of experimental apparatus to be

mounted securely to the test pad with ease. They also serve as trays for

instrumentation cables, allowing ready access to the cables while keeping

them protected.

The longitudinal axis of the test pad runs parallel to the

direction of the prevailing wind. This is an important consideration since

many of the planned FAE tests involve large surfaces of polyethylene which

Sare very susceptible to damage from cross winds.

Photographs of the test pad appear in Figure A-3.

3. GAS DELIVERY SYSTEM
' ''"

The gas delivery system is designed around three "Matheson" mass

flow controllers; two having a maximum flow rate of 100 standard liters

per minute (SLPM) and the third having a capacity of 400 SLPM. See the

schematic in Figure A-4. Each controller can be used to regulate a variety

of gases by applying a constant correction factor to the calibration curve

for a specific gas.

The s ,.tpoint controls and aigital rL-adout for each mass flow

controller are located inside the fuel-control bunker. High-pressure,

conmercially bottled gases are reduced in pressure via dual-stage regulators

" ~UNCLASSI F IED ".
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before passing through solenoid shut-off valves and the mass flow

controllers. For tests involving large volumes of gas, it is possible to

manifold several bottles together.

These gdses are then piped 5U m to the test pad through three

lines, one of 16 :r diameter and two of 13 mm diameter. In addition to the

flow of fuel through one line, the other two can be used to flow diluent,

oxidizer, sensitizer, or to flow components of a detonation sensitive mixture

for the purpose of easy ignition. Knowing the volume of the test apparatus,

it is a simple matter to calculate the amount of each gas needed to bring the

experimental mixture to a specified state.

4. GAS CIRCULATION SYSTEM

Once gases have been introduced into the experimental volume, it

is essential that they be mixed homogeneously with the initial air. Although

diffusion can be used to achieve homogeneity, this process takes considerable

time in large-scale experiments. The DRES facility makes use of a multipath

recirculation system to mix the experimental gases. A high-capacity blower,

shown in Figure A-5, is connected between two 300 mm diameter steel manifolds

buried underground along the length of the test pad. This assembly has eight

100 mm diameter outlets; four located upstream of the blower (low-pressure

side) and four located downstream (high-pressure side) as illustrated in
Figure A-6. Any one of four IOU ami diameter steel headers can be attached to

any of these eight outlets to evenly distribute the flow to various points in

the test section. These headers are equipped with 100 nrn diameter remotely-

actuated butterfly valves which can be used to either regulate or shut off

the flow. Each header extends to the centre of the test pad and is connected
S to the test apparatus with a short length of flexible plastic hose. The

manifold assembly is also fitted with two 40 mm solenoid shut-off valves

located at the upstredm and downstream ends. These valves open the manifolds

to atmosphere and are used for purging purposes.

UNCLASSIFIED 7
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A 12 mm solenoid shut-off valve is located just upstream of the

blower. It is open to atmosphere durin an experiment in order to maintain

the pressure of the system above atmospheric pressure. Since polyethylene

bags are often part of the experimental apparatus, this overpressure is

useful in keeping the bag inflated. In this state, it is less susceptible to

damage by wind. Small leaks in the polyethylene or at sealed joints would

cause the bag to deflate if this pressure control valve did not allow

additional air to enter the test volume in order to compensate for the

losses.

The centrifugal blower employed has a capacity of over 20 cubic

meters per minute at 100 mmn H2 0 static head. It is equipped with an

explosion-proof electric motor, a stuffing box to seal in explosive gases,

and an aluminum rotor wheel to eliminate any sparks that could ignite the

detonable gases being circulated.

During a typical experiment, all butterfly valves are left open

to maximize circulation. When very thin polyethylene bags are used, however,

the two downstream valves are partially closed to avoid overinflating the

bag. Tne pressure control valve is also left open to ensure adequate infla-

tion. Once the proper mixture composition has been reached, the pressure

control valve is closed. After this point in time, the mixture maintains a

fixed composition until firing. With this valve closed, however, small leaks

begin to decrease the pressure in the bag. As the pressure approaches atmos-

pheric pressure, the bag becomes more susceptible to destruction by winds.

In this light, it is best to leave the pressure control valve open until

shortly (less than 10 minutes) before firing. The small leak rate in ques-

tion is, in fact, beneficial in attaining the desired mixture composition.

During d typical experiment, a rich mixture is created in the test section
and subsequently allowed to "leak" down to the desired composition at a slow

rate.

Two minutes before firing, the two butterfly valves upstream of

the blower are closed and the upstream purge valve is opened. This allows a

UNCLASSIFIED
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slug of correct mixture in the manifold to repressurize the bag in prepara-

tion for firing. This is accomplished in a few seconds. Subsequently, the

downstream butterfly valves are closed and the downstream purge valve is

opened, thereby isolating the experimental volume while purging the manifolds

and blower with air. This eliminates the possibility of flashback through

the blower which could be catastrophic.

5. GAS ANALYSING SYSTEM j
The most critical and difficult experimental parameter to measure

in gaseous explosive testing is the concentration of a particular specie in

the mixture. In the foreseeable future, the species of interest will always j
be some form of hydrocarbon in a gaseous state. For this reason, it was

decided to employ infrared real-time gas analysis.

The core of the analysing system is a "Wilks Miran 80" infrared

gas analyser which is capable of multigas analysis. Since the analyser is a

sensitive instrument, it is housed in the fuel-control bunker 50 m from the

test pad. It receives gas samples on a continuous basis from four locations

along the test section, as shown in the schematic of Figure A-7.

In order to avoid contamination of the gas samples while flowing

between the test pad and bunker, the sampling network was designed to operate

at above atuiospheric pressure throughout, thereby eliminating errors caused

by small leaks in the sampling lines. For this reason, gas sampling pumps

(to drive the gas around the sampling circuit) were mounted at the edge of

tne test pad. Since the mixture in the experimental volume is normally

somewhat above atnospheric pressure, the short feed lines from the test

section to the pumps are maintained above adtospheric pressure as well.

The pumps used are "Webster" diaphragm compressor pumps having a

capacity of 30 liters per minute. This capacity was chosen to accomniiodate

the gas analyser which has a 5.6 liter test chamber. Assuming five gas

UNCLASSIFIED
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changes are needed to purge the analyser of the previous sample, a cycle time

of about one minute is possible. Since #he flow rate of sample gas is high,

it is returned to the experimental volume to avoid the undesirable reduction

in concentration by removal of such large quantities for analysis purposes.

The system of solenoid valves shown in Figure A-7 was developed
to facilitate automatic sampling from up to four individual sample locations.

An electronic programmer automatically controls sample sequencing. Although

the programmer is completely automatic, trial personnel have complete manual

override on all valves. S

During a normal sampling sequence, the prograimer first opens one
of the four selection valves as well as both isolation valves (located on

either side of the analyser) for a time corresponding to the purge time of

the analyser. Positive flow is ensured by check valves. Once the analyser

has been purged, the programmer closes the selection valve as well as both

isolation valves. Since infrared gas analysis is sensitive to pressure, a

bleed valve is opened at this time to vent the sample to atmosphere. The
programmer then initiates the gas analysing routine. Once the routine has

been completed, the entire sequence begins again with another selection valve

(corresponding to another sampling location). The system presently uses a

two minute cycle time per sampling line. After homogeneity of the gas

mixture throughout the test section has been established, all four sampling

lines may be accessed simultaneously so that tne analyser purge time is

reduced.

As mentioned above, the analysis is sensitive to the pressure of

the gas sample. The correction factor is calculated by obtaining the ratio

of absolute calibration gas pressure to absolute sample gas pressure. Since

the bleed valve ensures that the sample is at atimospheric pressure, the

4. correction factor becomes the ratio of calibration gas pressure to atnos-

pheric pressure, the latter of which is monitored throughout the course of

each experiment.

UNCLASSIFIED
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The gas analysis is also sensitive to sample gas temperature. A

thermocouple is used to mea;ure sample gas temperature. Tne corrvction

factor is then calculated as the ratio of sample gas temperature to calibra-

tion gas temperature. These correction factors are immediately applied to

the analyser infrared absorption readings. Prior to daily use, the analyser

is calibrated using both commercially available and internally prepared gas

samples. A plot of ethylne concentration versus time for a complete experi-

ment is shown in Figure A-8. The downward trend in concentration after the

peak is due to small leaks at sealed joints and in the polyethylene material

used in this experiment. As noted previously, these small leaks actually

provide a method of reducing the fuel concentration by small amounts until

the desired concentration is reached. The pressure control solenoid valve

(see Gas Circulation System) is then closed, thereby holding the composition

constant until firing.

Before firing, .he analyser is purged with air and then isolated

from the sampling system with manual valves in order to eliminate any

possiDility of flashbacks damaging the analyser.

To independently verify the gas analysis, a sample is trapped in

a 250 cc gas sampling tube about one minute before firing. It is then taken

back to the laboratory where it can be furtfi., analysed oy gas chromatography

or mass spectroscopy.

6. INITIATION SYSTEM

Once the proper gas coposition has been achieved, some method of

initiation must be employed to detonate the mixture. The DRES initiation

system centres around a timing and firing sequencer. This sequencer incor-

porates a 15 second countdown before firing and a 15 second count after

firing. The countdown clock is used to start high-speed cameras, high-speed

tape recorders, and to charge a 1 microfarad capacitor at various preset

times before the instant of firing.

UNCLASSIFIED
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At time Lero, this capacitor (charged to 3,000 volts) is dis-

charged through the firing lines. The energy pulse fires an exploding

bridgewire Reynolds detonator which initiates a variable amount of solid

explosive (PETN). The blast wave from this explosion in turn initiates the

gaseous mixture directly. The capacitor discharge is also sufficient to

initiate a slug of detonation sensitive gas with an exploding wire. Once

detonation is established in the sensitive slug, it transmits to the mixture

being studied. At time zero, the sequencer also produces a trigger signal

which can either be used to activate instrumentation or be stored on a tape

track for simplification of data reduction. After the firing pulse the

sequencer continues counting for an adoitional 15 seconds turning off

equipment and returning the firing circuit to a safe condition.

7. DIAGNOSTIC SYSTEMS

The LRES FAE testing facility was designed to be as flexible as

possible regarding diagnostic methods. See Figure A-9. The test pad and

instrumentation van are presently connected by 55 low-noise, underground

cables (20 coaxial and 35 shielded twisted pairs). Sufficient cable has been

installed to accommodate an expansion to 85 channels. Junction boxes are

located both at the test pad and at the instrumentation van. This allows

virtually any type of electronic instrumentation ta be used with a minimun of

modification or additional cable.

At present, electronic instrumentation consists of twelve piezo-

electric pressure transducers and 20 ionization probes. The pressure trans-

ducers are mounted at various locations for different FAE tests. Eight

transducers (PCB 113A24) are mounted oirectly in the experimental test sec-

tion to measure the pressure-time history of the detonation wave. The

remaining four pressure transducers (PC6 and Kistler) are mounted in

specially designed, portable, far-field gauge stands which can be moved

easily around the layout up to a distance of 75 neters from the test pad. A

typical gauge stand is shown to the extreme right of the lower photograph of

UNCLASSIFIED
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Figure A-3. These transducers measure far-field blast wave overpressure

signatures which are recorded on a mulcichannel high-speed tape recording

system. Honeywell, Ampex and Racal recording systems are available with

frequency responses up to - 200 kHz. Hard copy reproduction of the pressure

records can be made immediately by an oscillograph, on site, for qualitative

analysis. The tape can also be digitized for quantitative computer analysis

at a later date.

The ionization probes are connected to a 20-channel power supply

ana electronic counter which were designed and built at DRES. All channels

begin counting at arrival of the firing or "det zero" pulse. As the detona-

tion wave passes over each ionization probe, it ionizes the gas between the

probe electrodes, lowering the path resistance. This is sensed by the probe

unit which then stops the count of individual channels. Thus, each channel

has an elapsed time from det zero which can be used to determine the velo-

city knowing the location of each probe. Probes can be situated strategi-

cally along the experimental test section to give an appropriate velocity
profile.

Apart from electronic diagnostic methods, the ORES facility is

capable of operating three high-speed cameras simultaneously with the option

of locating the cameras at any of six different locations. Additional posi-

tions can be added quickly, if necessary. At present, the photographic data

collection is done by a "Hycam" 16 mm high-speed camera operating at up to

20,000 half frames per second and a "Fastax" 16 m high-speed camera

operating at up to 5,000 full frames per second. These cameras are started

by the timing and firiny sequencer at prescribed times before det zero in

order to allow them to accelerate up to speed.

In addition to electronic and photographic diagnostic systems,

"smoked" foils are used to yield information about detonation wa e structure.

A thin metal sheet is smoked with a light layer of carbon black and fastened

to the walls of the test section. The passing detonation wave "writes" on

the smoked foil, leaving behind a record of the wave structure.

UNCLASSIFIED
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8. SAFETY CONSIDERATIONS

FAE testing involves extensive handling of flammable or detonable

gas mixtures which can pose a serious hazard to personnel in the vicinity of

the experimental layout. To minimize the possibility of accident during an
experiment, only air is used to inflate the collapsible polyethylene bag or -.

tube. As well, the ignition end of each experimental configuration is fitted
with high explosives (for initiation purposes) while only air is contained

within the test section. Before gas is flowed, all personnel must be inside

either one of two protective bunkers located 50 m from the test pad. All

experimental operations can be controlled remotely frow inside these bunkers.

See Figure A-IU.

The gas analyser contains the only test gas permitted inside the

bunker. Its analysis chamber, which is capable of withstanding W0 atmos-

pheres overpressure, is purged with air before firing in order to eliminate

the possibility of a flashback inside the bunker. All sampling lines are

equipped with flame arrestors.

9. CONCLUDING REMARKS

Since the completion of the testing facility, over 80 tests have

been carried out. These tests involved polyethylene tubes with diameters

ranging from 0.89 to 3.66 meters, in conjunction with steel tubes having

diameters from 0.30 to 1.83 meters. Throughout the tests, the facility has

demonstrdted its flexibility, reliability and safety, with only a few minor

modifications being required.

The sampling pumps used initially were suscept'e to shuck waves

which propagated up the sampling lines and caused occasional damage during I
firing,. Heavier duty pumps have been received and will be installed prior

to trials next season.
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The mass flow controllers were limiteo in their application to jj
achieving only approximate fuel concentrations due to a signi 'ant

temperature effect on their performance. -

All other systems operated without danage or failure throughout

the trials. The test pad shows no blast effects and the analysing, mixing

and gas delivery systems operated very consistently throughout the trials.

I
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Butterfly Valve and
Purge Valve Motor Assembly

Mounting Channels

Figure A-3

Concrete Test Pad
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Fuel Flow Line

Figure A-5

Centrifugal Blower Used for Mixing Combustible Gases
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TRIAL NO. 20

BAG DIAMETER 0 - 1.74 meters
SAO LENGTH L - 6.36 meters
TUBE DIAMETER d - 0.69 mets-s
TUBE LENGTH I - 7.83 meter

POLYETHYLENE BAG

SOLID TUBE

LM 51 2 S3 S4

SAMPLING LOCATION NUMBER Si

NUMBERS INDICATE SAMPLING LOCATIONS
AS SHOWN IN DIAGRAM ABOVE.

6.0- SEOUENCE CONTINUES THROUGHOUT TEST.

S4

0
05.0 CNR VAV

CLOSE PRESSURE FIRE

z

U STOP FUEL FLOW

TIME (minutes)

Figure A-8

Fuel Concentration 1% C2 H4 in C2 H4 -Air) Versus Time (minutes)

for a Typical Experiment
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DEFINED BY 75 m RADIUS
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-20 CHANNELS IONZATION PROBES
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-SMOKED FOILS k

1. 0*. 30*, 45*2.m
CAMERA LOCATIONS 901 CAMERA LOCATIONS

32.8

4S* CAMERA LOCATION

-~~~ M 66

< ~ INUENTATION BUNKER

FULCONTROL BUNKER

Figure A-9

Diagnostic Systems
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APPENDIX B

APPROXIMATE ONE-DIMENSIONAL ANALYSIS FOR THE MOTION OF AN

ACCELERATING CYLINDRICAL PISTON

ii-

*Most of the derivation in this appendix is taken from Neyer, R. F. (1958)
"The Impact of a Shock on a Movable Wall". Journal of Fluid Mechanics 3, 309.
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APPROXIMATE ONE-DIMENSIONAL ANALYSIS FOR THE

MOTION OF AN ACCELERATING CYLINDRICAL PISTON

P, The problem of an accelerating cylindrical piston is not unlike that

W% of a simple launcher. Figure B-l shows the x-t diagram for a piston of

specified mass being accelerated down a barrel by the gases in a high-

pressure chamber. The full solution for the nonsteady flow fields both

ahead of and behind the piston is indeed involved and requires a numerical

approach. However, if only the piston motion is of interest, several ap-

proximate methods are available. One such method is that due to Meyer

(1958), who studied the problem of a shock wave impacting a movable wall

in a head-on fashion. An x-t diagram corresponding to this problem is

shown in Figure B-2. It is essentially the same as the diagram shown in

Figure B-l with the exception that the high-pressure region in the shock

impact problem is created by the reflection of the wave from the back sur-

face of the piston.

The analysis which follows is due to Meyer (1958). It has been mod-

ified slightly for the present purpose in the following ways: i) the ref-

lected shock wave has been eliminated and a quiescent high-pressure reser-

voir used instead; ii) different ratios of specific heats have been allowed

on either side of the piston; and iii) an integral term has been added to

account for the effect of cylindrical divergence on the flow field. The

ful- characteristic equations for the regions ahead of and behind the pis-

ton ire:

u)2 c ± u + (u ± c) 2 2 c ± u - (B-l)

•t - 1 /x Y 1 (y -l)C x
p

and is/Dt = 0, where , u and s are the velocity of sound, the particle

vel' ity and the specific entropy, respectively. If the changes in speci-

fic entropy through the shock are neglected, the flow is isentropic and

Vi UNCLASSIFIED

.:......."- . " ,.-.......,'.... ._'.,- .""..... ., .,'..-. .' .....-.............................-...... ,.............-..-.,.....,........'



UNCLASSIFIED B-2.

the characteristic equations reduce to:

c u + (u c) c - u) 0 (B-2)D t - I ax1 '

We then have that

_ 2 c + u = constant along 'x = u + c (B-3) C.

and Q 2 c -u = constant along u c (B-4)
y -t

where P and Q are the Riemann invariants. Since changes in specific entropy

are being neglected, it follows that Q must be constant everywhere ahead of

the piston. Likewise, P is constant everywhere behind the piston. Since Q

is constant in the flow region between the piston and the shock, the positive

characteristics (lines along which P is constant) are straight lines along

which the flow properties are constant.

Consider some general point ba on the piston where a refers to conditions

ahead of the piston and b refers to conditions behind the piston. Ahead of

the piston

= 2 c u constant = Q (B-5)a- a 1

whereQ 1  - 2 c (B-6)

Here, subscript 1 refers to the uniform initial conditions of the quiescent

low-pressure reservoir ahead of the piston. The above two expressions can
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be rearranged to give the ratio c aC which, together with the is-ntropic

relation, leads to

[a]2y/ -1) [ u 2 y y- 1) (B-7)

P L Q

where p is the pressure. Similarly, we have for the pressure on the trail-

ing side of the piston

. [cb 2 2 P- ub 2y )-8)

p 2 2

where subscript 2 denotes the initial conditions of the quiescent high-

pressure reservoir behind the piston. Note that ua = ub = u, the velocity

of the piston. The acceleration of the piston can now be expressed in

terms of the pressure difference across the piston; that ir

1) 4- Q+u 1)
du 1 j b a

P -
p  (B-9)""dt m/A m/A 2 P 2 Q 1

Equation (B-9) can bp integrated numerically for u(t).

Now, if the geometry is not planar (j = 0) but cylindrical (j = 1)

instead, we would replace Equations (B-3) and (B-4) by the following:

.p 2 2 c +-u + -o c dt = constant along = u + c (B-10)
y-Y 0 r

and Q - 2 c - u + ft Cr dt = constant along x u - c (B-11)
YL or
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U where the last term in each of the expressions for the invariants accounts

for cylindrical divergence. Repeating the same derivation as described in

Equations (B-5) through (B-9) gives the piston motion in cylindrical geom-

etry:

1 -u t~ 2 /y 1)
p b J CU dt ] 2

du 1 2  b o r-

dt m/A 2 PL 2

t 2cu (y 1

"Q + u - -- dt
-p1  r (B-12) '..

which can again be integrated numerically for u(t). However, an iterative

approach must be used because the integral term in Equation (B-12) involves

u(t), the quantity being sought.

REFERENCE
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Figure B - 1

The x - t diagram for a simple launcher.
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Figure B - 2

Wave diagram for the motion following the one-dimensional
* impact of a shock wave on a movable wall.
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APPENDIX C

QUASI ONE-DIMENSIONAL ANALYSIS FOR THE

VELOCITY DEFICIT OF A DETONATION WEAVE*

*Most of the derivation in this appendix is taken froin Dabora, E.K. (1963)
"The Influence of aCompressible boundary on the Propagation of Gaseous
Detonations". University of Michigan Technical Report U5170-1-T (Ph.D.
Thesis).
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QUASI ONE-DIMENSIONAL ANALYSIS FOR THE

VELOCITY DEFICIT OF A DETONATION WAVE

q! The classical hydrodynamic formulation for the characteristics of a

general, steady, one-dimensional wave will first be presented briefly. It is

assumed that the wave can be considered as a planar discontinuity, with

conditions along the wave being uniform, as represented in Figure C-i. Thus,

the conservation equations can be written as follows:

a. Conservation of mass:

Plul = P2U2  (C-

b. Conservation of momentum:

2 2( -P1 u 1 + P1 P2u ,. +~ P2-

c. Conservation of energy:

1+ h + q u2 + h 2  (C-3)

where q is the hedt release per unit mass due to chemical reaction, and p, h,

. p and u are the particle pressure, enthalpy, density ano velocity relative

to the front, respectively. To keep the analysis general, one can assume

-*: that the gases ahead and behind the wave have different molecular weights m.

and ratios of specific heats y. However, for simplicity, both gases are

assumed to be thermally and calorically perfect. Thus, the equation of state

is

R T
p = 0 (C-4)m -

U CA..,
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and the enthalpy can be written as

h c pT = T

hwcT p Y P-

- T TPV . (C-5)

Now if Equations (C-1) and (C-2) are combined, one can readily obtain

2P2" 1 2li u 2 2
P1 u u2P

1 - -M 1 1 - (C-6)v2  viPlPl

vi

On a p-v diagram, this equation represents a straight line with a negative

slope for any finite Mach number, and is commonly known as the Rayleigh

line.
On the other hand, if Equations (C-1), (C-2), (C-3) and (C-5) are

combined, the following can be obtained, after elimination of the velocity

terms:

2q + y y 2  2 p2  Y2  - 2  2 (C-7)

pv = __

This is called the Hugoniot relation, and it can be seen that on a p-v

diagram it would plot as a family of hyperbolas with a function of q and y's

as a parameter.

Figure C-2 shows a schematic plot of Equation (C-6) (two straight lines)

and Equation (C-7) for the adiabatic case and for two cases with heat
release. The lower branch of the Hugoniot curves, in conjunction with

Rayleigh lines of absolute slope less than yl, represent the deflagratlon
mode of combustion and is not relevant to the present work. The upper branch

and Rayleigh lines of absolute slope greater than yI represent shock or
detonation waves. In general, a Rayleigh line intersects the Hugoniot curve
at two points which represent the simultaneous solution of Equations (C-6)
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and (C-7). As examples, point A represents an adiabatic shock wave with

p2/p, and p2/P1 greater than unity. Point B is the solution for a strong
detonation wave and point B' is that for a weak wave, both of which occur for

a value of q less than the limiting value. Points similar to B' are usually

ruled out from entropy considerations if the detonation process is considered

a shock followed by heat release. Finally, point C-J is the solution for the

Chapman-Jouguet wave and is realized at the limiting value of heat release.

It is the type of wave observed in detonation tubes.

As can be seen from Figure C-2, at point C-J the Rayleigh line is

tangent to the Hugoniot curve. If Equations (C-6) and (C-7) are

differentiated, we obtain respectively:

p2
P- 22
P1  u2P2 - (C-B)
v2  P Il

v1

and

FP21 P2 -Y2

al-i +
v 2 P1  Y2- (C-9)

Equating (C-8) and (C-9), substituting p, from (C-2) and u, from (C-1), the

solution of u2 for the C-J point is obtained:

u2  a (C- 10)
Y2

This means that for a Chapman-Jouguet wave the burned gas immediately behind

the wave travels at the local sonic speed with respect to the wave.

The conservation equations, together with the perfect gas relation and

the definition of the velocity of sound, can be combined to give the changes

in the thermodynamic properties across the wave in terms of the original Mach

UNCLASSI FIED
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number Mi, q and y's. This was done by Adamson and Morrison (1958) for the

simple case where no changes in molecular weight and specific heat ratio were

considered. Later, Adamson (1958) generalized the solutions to cases

admitting these changes. These solutions are given here without derivation:

a. Pressure ratio:

P2 YIF [ Y2])

b. Density ratio:

.%2

1(C-12)

c. Temperature ratio:

2 1 - F M2Y2 X

I

T1  m1  M1 (2

i + "2 +  [M2 Y2 (C-13)

The definition of F in the above equations is:

11 2(y -1) M~ 2 q
F =1 + 1 _______ _ _-"1-~ (C-14)

1- 1 1. CpT
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and its implication is as follows:

F = 1 represents cases with limiting q; i.e., C-J waves.

F = 2 represents cases with q = 0; i.e., adiabatic shock waves

* (when Y, = Y2 )"

2 o F > I represents cases of strong detonation waves.

The solution for the Mach number behind the wave was also given by Adamson

(1958) as

"Y Y1 (Y2 + I F) - + (Y + 1) )

2IF  - + (Y2 + 1)

It is to be noted that for the C-J case M2 = 1, and therefore Equation (C-15)

yields F = 1 so that the propagation Mach number of a Chapman-Jouguet wave

can be found from Equation (C-14) by the relation

2 - ____ i(C-16)
p1 1) VO2 -

Thus, if the initial thermodynamic conditions, as well as the value of heat

release and Y2 are known, the detonation velocity can be found. In general,

however, finding q and Y2 requires a trial and error solution that involves

chemical equilibrium behind the wave [the Gordon and McBride (1976) computer

program is used to obtain the solution in the present work].

Now, if some mechanism is present to promote an increase in the area of

each stream tube between the shock and the C-J plane (e.g., yielding walls,

boundary layer growth, etc.) then a deficit in the propagation velocity will

result. The analysis that follows will make use of reasoning similar to that

of Fay (1959) who investigated the effect of bounday layer growth on the

detonation velocity in solid tubes. If the shock front area is Al and the

C-J plane area is A2 which is different from A, (see Figure C-3), then

UNCLASSIFIED
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A2 /A1 = 1 + (C-17)

where is the average fractional change in the area of each stream tube.

The conservation equations thus become:

a. Conservation of mass:

-(1Ul = P2 u2(1 + ) C-18)

, b. Conservation of momentum:

2 2
Plu1 + P1  (P2u2 + M + C) - p d (C-19)

c. Conservation of energy:

2 2
Uh1  + + h 2  (C-20)

2q 2

To evaluate the integral term in Equation (C-19) requires a detailed

knowledge of the pressure behind the shock front along the boundary within

Uthe reaction zone. However, one can define the integral as

f4 p dF =pe (C-21)

and note from Equation (C-11) that P2/PI for a shock (F = 2) is about twice

that for a detonation wave (F = 1) when M1 is large. Thus, the value of c is
between 2 and 1.

Using the same general assumptions as for the case involving no area

increase, Equations (C-18), (C-19), (C-20) and (C-21), together with the

definition of the speed of sound, can be combined to give:

F q1 q( 1 (Y1M 1 +

S (1 M + 02 1)2

-(Y 1)- (C-22)
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Introducing a new function £p defined by

+L + - (C-23)
(1 + y2 )(l +

Equation (C-22) can be reduced to the following:

, , 2"Cs ,A " Y.1\
q 1 Y 2 _ (1 Y2( 1 )21

:T2 z _ r - M - + z . (C-24)

This equation is different from Equation (C-16) by only the last term which

represents the effect of area change. For large M1 (i.e., M1 > 5), Equation

(C-24) can be reduced further to:

2.1 2- 2 = (1 + y (C-25)

U If the heat release is assumed to remain the same whether there is an area

change or not, the right hand side of Equation (C-25) remains essentially

constant. It should be noted that physically this is a reasonable assumption

in that chemical equilibrium is expected to remain the same at the C-J plane

whether there is an area change or not. This is so because the influence of

an area increase would be a decrease in both pressure and temperature at that

plane. If the heat release is controlled by dissociation at this point, the

pressure and temperature effects would tend to cancel each other.

Noting that = 0 when 0 = , one can find, after making use of Equation

(C-25), that the decrease in Mach number from the case where there is no area

change to the case where c is finite can be written as:

M€ -- (C o) - M 1 AM 1
_______ 1- (C-26)

= ) M O) = 0) 1
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or in terms of ~

M41  1[ 2_

'F'

, -
( C-27 ) :

Having determined the velocity or Mach number deficit, it is now

possible to back substitute into Equations (C-5), (C-18), (C-19) and (C-20)

in order to obtain the "modified" sonic conditions resulting from an -rea

increase in the reaction zone. These modified conditions are summarized in

graphical form in Figure C-4 for the case of y= 1.4, y2 = 1.2 and e = 1.
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Figure C-i

One-dimensional detonation wave.
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Figure C-2

Hugoniot-Rayleigh representation of shock and detonation waves.
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Figure C-3

Quasi one-dimensional representation of a detonation wave
V7 with area increase.
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